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PURIFICATION AND PROPERTIES OF AN AMINOPEPTIDASE 
FROM KIDNEY CELLULAR PARTICULATES* 


Br DONALD S. ROBINSON,t SANFORD M. BIRNBAUM, Ax 
JESSE P. GREENSTEIN 
(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 10, 1952) 


It has long been known that aqueous homogenates of animal tissues are 
capable of hydrolyzing peptides containing not only L- but also p-amino 
acid (2-5) and , f- dehydroamino acid (6) residues. An earlier report from 
this Laboratory on the distribution of the hydrolytic activities in a wide 
variety of rat tissues toward glycyl-L-alanine, glycyl-p-alanine, and glycyl- 
dehydroalanine showed that the greater part of the activity toward glycyl- 
L-alanine was always in the soluble fraction of the tissues, whereas most 
of the activity toward glycyl-p-alanine was always in the insoluble fraction. 
The greater part of the activity toward glycyldehydroalanine was in the 
soluble fraction of all the tissues studied except thai of the kidney, in which 
it was found in the insoluble, particulate fraction (7). 

It was considered of interest to study further the peptidase system asso- 
ciated with the particulate fraction of the hog kidney. The enzyme was 
solubilized by the butanol procedure of Morton (8), and a considerable 
concentration in activity toward glycyl-p-alanine was achieved by only a 
few fractionation steps. The activity of the freshly prepared enzyme was 
at least 600 times that of the homogenate. Because of the curious prop- 
erty of the enzyme preparation of increasing in activity on storage, it was 
difficult to express the actual degree of purification. The purified pep- 
tidase, possessing a high degree of physical homogeneity, was found to 
effect the hydrolysis at a high rate, not only of a wide variety of peptides 
containing p- amino acids in the terminal position but also, and at similarly 
high rates, of the corresponding peptides containing I- and dehydroamino 
acids. 


The interesting question of the substrate and optical specificity of the 
enzyme system has therefore been considered in some detail with 65 sub- 
strates. Additional studies on metal activation, kinetics, and molecular 
properties have served for further characterization. 


* Presented in part before the 122nd national meeting of the American Chemical 
Society at Atlantic City, September 14-18, 1952, and as a preliminary report (1). 

+ Postdoctorate Research Fellow, United States Public Health Service; present 
address, Sir William Dunn Institute of Pathology, Oxford. 
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Substrates The glycyl derivatives of the L and p isomers of alanine, 
phenylalanine, serine, threonine, valine, leucine, isoleucine, and aspartic 
acid, and of the L isomers of aminobutyric acid, norvaline, norleucine, 
alloisoleucine, tryptophan, glutamic acid, lysine (a-substituted), tyrosine, 
and methionine, have been described and characterized in an earlier report 
(9). New peptides containing p-amino acids were prepared by amination 
of the corresponding chloroacetyl-p-amino acids (9). These include glyeyl- 
D-aminobutyric acid, [a], = +31.0°, N calculated 17.5, found 17.5; glycyl- 
D-norvaline, [a], = +27.6°, N calculated 16.1, found 16.0; glycyl-p-norleu- 
cine, [a], = +16.2°, N calculated 14.9, found 14.9; glycyl-p-alloisoleucine, 
[a], = +5.4°, N found 14.9; glycyl-p-tyrosine, [a], = —44.2°, N calcu- 
lated 11.7, found 11.7; glycyl-p-methionine, [a], = +10.2°, N calculated 
13.5, found 13.5; and glycyl-p-tryptophan, [a], = —34.2° for a 2 per cent 
solution in 5 N hydrochloric acid at 26°, N calculated 16.1, found 15.8. 
Except as noted, all of the rotation values cited were obtained on 2 per 
cent aqueous solutions at 26°. 

Glycylglycyl-t-alanine, [a], = —36.3° for a 2 per cent solution in water 
at 25°, N calculated 20.7, found 20.5, and glycylglycyl-p-alanine, [a], = 
+36.5°, N found 20.6, were prepared by amination of the corresponding 
enantiomorphic chloroacetylglycylalanines (10). I-Leueinamide hydro- 
chloride, [a], = +10.8° for a 3 per cent solution in 1 Nn HCl, N calculated 
16.8, found 16.7, and p-leucinamide hydrochloride, [a], = —10.9°, N 
found 16.8, were prepared from the corresponding ester hydrochlorides. 
Chloroacetyl-L- and p-leucine (9), as well as glycylsarcosine (10) and 1- 
cystinyldiglycine (11), have been described. 

L-Alanyl-t-alanine, t-alanyl-p-alanine, p-alanyl-p-alanine, I- alanylgly- 
cine, D-alanylglycine, glycyl-t-alanylglycine, and glycyl-p-alanylglycine 
were generously donated by Dr. Erwin Brand. 

Three glycyl peptides were employed which lack an a-hydrogen atom 
on the terminal amino acid residue. These are glycyl-a,a-dimethylglycine 
(referred to as glycylaminoisobutyric acid), glycyl-a,a-diethylglycine, and 
glycyl-a-methyl-a-ethylglycine (referred to as glycylisovaline). Only the 
compound mentioned last possesses a center of optical asymmetry. Gly- 
cylaminoisobutyric acid (calculated C 45.0, H 7.5, N 17.5; found C 45.0, 
H 7.5, N 17.5) and glycyl-a,a-diethylglycine (calculated C 51.1, H 8.6, N 
14.9; found C 51.1, H 8.6, N 14.8) were prepared by amination of the 
corresponding chloroacetylamino acids (12). 

The resolution of Di- isovaline into its optical enantiomorphs and the 
preparation and properties of chloroacetyl-p-isovaline have been described 
(13). 1-Isovaline was treated with chloroacetyl chloride and chilled so- 
dium hydroxide in the usual manner; upon acidification of the reaction 
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mixture, chloroacetyl-t-isovaline precipitated in 72 per cent yield. The 
compound was recrystallized from acetone-ether; m.p. 158° (corrected); 
calculated N 7.2, found 7.1. [a], = +9.2° for a 2 per cent solution in 
absolute ethanol at 25°. There was no perceptible rotation of the com- 
pound dissolved in water at this concentration (13). 

Chloroacetyl-L- isovaline and chloroacetyl-p-isovaline were each treated 
with 20 times their weight of concentrated ammonia water. After 2 days 
at 26° with occasional shaking, the compounds dissolved completely. The 
solutions were allowed to stand for another 2 days, when the solvent was 
removed and the respective residues crystallized three times from water- 
alcohol mixtures. The final preparations of glycylisovaline appeared as 
long needles in about 40 per cent yield. Calculated C 48.3, H 8.0, N 16.1; 
found for glycyl-t-isovaline C 48.2, H 8.2, N 16.2, and for glycyl-p-iso- 
valine C 48.3, H 8.1, N 16.1. [al], for 4 per cent solutions in 2.5 n HCl 
at 26° = —7.1° for glyeyl-L-isovaline and +7.0° for glycyl-p-isovaline. 
Neither compound revealed any rotation when dissolved in water at this 
concentration. Levene and Steiger reported a preparation of “glycyl- 
dextro-isovaline” which they characterized by an [a], value of +1.7° for 
a 1.742 per cent solution in water, which involved an angular reading of 
0.06° (14). 

A fourth type of glycyl compound which lacks a hydrogen atom on the 
a-carbon consists of the a,a-di(acylamino)aliphatic acids (15, 16). a, a- 
Di(glycylamino)propionic acid hydrochloride, the preparation of which 
has been described (15), was employed in the present study. 

The preparation of the dehydropeptides, glycyldehydroalanine (17), 
glycyldehydrophenylalanine (18), glycyldehydroaminobutyric acid (19), 
glycyldehydronorvaline (19), glycyldehydronorleucine (19), glycyldehydro- 
valine (20), glycyldehydroleucine (20), and glycyldehydroisoleucine (20), 
has been described. 

Enzymatic Assays—Initial rates of hydrolysis of the saturated peptides 
were determined as usual by the manometric ninhydrin procedure of Van 
Slyke, except in the cases of glycylaminoisobutyric acid, glycyl-a,a-di- 
ethylglycine, and glycylisovaline, the rates of which were followed by the 
same author’s familiar nitrous acid procedure. The hydrolysis of the 
dehydropeptides, the amides, and the a,a-di(glycylamino)propionic acid 
was followed by the rate of evolution of ammonia from these substrates. 
Combined substrate and reagent blanks, which usually amounted to less 
than 10 per cent of the test determinations, were subtracted. All the rates 
reported were based on 10 to 30 per cent hydrolysis, in which range the 
hydrolysis was linear with time. Replicate determinations agreed within 
10 per cent. 

Rates were expressed in terms of micromoles of substrate hydrolyzed 
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at 37° per hour per mg. of protein N, at the pH and in the buffer designated. 
In the cases of cystinyldiglycine and of the tripeptides studied, it was not 
feasible to decide whether one or both of the bonds were hydrolyzed, and 
therefore the rates were expressed in terms of micromoles of carbon dioxide 
liberated with ninhydrin. 

The specific activity of the enzyme preparation was expressed as micro- 
moles of glycyl-p-alanine hydrolyzed at 37° per hour per mg. of protein N. 
The digests consisted of 1 cc. of Palitzsch’s borate buffer at pH 8.0, 1 cc. 
of 0.05 m glycyl-p-alanine, and 1 cc. of enzyme solution diluted to a suitable 
concentration. The period of incubation was 30 minutes, the hydrolysis 
being stopped with an equal volume of saturated picric acid solution, or, 
when the nitrous acid technique was used, with an equal volume of 10 per 
cent trichloroacetic acid. The initial hydrolytic rates with the various 
substrates were determined with 1 cc. of substrate at 0.05 m concentration, 
which was saturating in respect to the amounts of purified enzyme em- 
ployed; such substrates as the glycyldicarboxylic amino acids and the 
chloroacetyl amino acids were neutralized prior to mixing their solutions 

with the enzyme. 

Preparation of Enzyme—The peptidase system studied was concentra- 
ted in its activity toward the substrate glycyl-p-alanine. The purification 
procedure was unusual in that it involved so few fractionation steps. Es- 
sentially, the kidney particulate fraction was freed from soluble proteins, 
and the enzyme solubilized by treatment with butanol in a modification 
of a procedure described by Morton (8). After dialysis and removal of 
the insoluble residue, a single ammonium sulfate fractionation was suffi- 
cient to yield a preparation with an initial specific activity at least 600 
times that of the crude homogenate. 

Step 1—4 kilos of fresh, frozen hog kidneys were thawed, defatted, and 
homogenized in a Waring blendor with 2 volumes of ice water. The ho- 
mogenate was strained through cheese-cloth and centrifuged at 1200 X g 
for 20 minutes to remove cellular débris. The specific activity at this 
stage was 150 to 250. The total activity was about 15 X 105. 

Step 2—The supernatant fluid was chilled to 0° in a cold bath, brought 
to pH 5 by the careful addition of 2 N hydrochloric acid, and the resulting 
thick suspension immediately centrifuged at 0° and 3000 X g for 30 min- 
utes. The supernatant fluid was discarded. The sediment was washed 
from the tubes with an equal volume of Sörensen's 0.066 M phosphate 
buffer at pH 7. The last traces of protein in the centrifuge tubes were 
removed with a similar volume of 0.1 m potassium chloride solution and 
added to the first washings. The lumpy suspension was briefly homogen- 
ized in the blendor and frozen solid at —10°. After thawing, the suspen- 
sion was again taken to pH 5 with 2 n hydrochloric acid, and the centri- 
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fuging, followed by transfer of the sediment with phosphate buffer and 
potassium chloride solutions, repeated. Brief homogenization yielded a 
suspension with a specific activity in the range 200 to 300, and total activ- 
ity of 8 X 10°. 

Step 8—Cold acetone was added to the suspension and stirred at pH 7 
and 0° to a concentration of 70 per cent (volume per volume). Several 
large Biichner funnels were layered thinly with Hyflo Super-Cel on No. 4 
Whatman paper, and set up in a room at 5°. After standing for 1 hour 
at 5° after the acetone treatment, the aggregated suspension was poured 
slowly on the funnels without disturbing the Hyflo layer. After a few 
minutes of filtration by gravity, the filtrate was clear. When the acetone 
solution had nearly completely filtered through, the residue on the funnel 
was washed with 0.2 m potassium chloride solution added very carefully 
and slowly from a large reservoir. Since the rate of filtration declined 
fairly rapidly, it was expedient to wash the sediment from the filter paper 
with a jet of distilled water to homogenize the lumpy suspension, and to 
set up the filters once more with a fresh layer of Hyflo. After the Ist day’s 
filtration, water was used as the wash fluid in place of the potassium 
chloride solution. The washing and filtration were carried on for several 
days, entailing a daily relayering. After each relayering, the filtrate be- 
came clear in a few minutes of flow. The filtrates were daily checked for 
the presence of protein, and at least two further filtrations were carried 
out even after no protein was detected (precipitation with 10 per cent 
trichloroacetic acid being used). 

It must be stressed at this point that the filtration procedure must 
exhaustively remove all traces of soluble protein. Otherwise, the final 
preparation is generally of low activity, and thus far no fractionation 
procedure has been found which will raise the activity level at this final 
stage.! Throughout the filtration procedure described, the specific activity 
remained practically constant in the range 200 to 300, while the total 
activity decreased to about 6 X 10°. 

Step 4—The filter cake, with Hyflo included, was finally washed off the 
filter paper and homogenized for a brief period with 8 to 10 liters of water 
in the blendor. Butanol, chilled to 0°, was added to a concentration of 
20 per cent by volume with rapid stirring. The suspension was mechani- 
cally shaken for 1 hour at 5° and dialyzed for 18 hours against cold running 
tap water to remove the butanol. 2 N hydrochloric acid was then added 


1 Repeated centrifugations and washings at pH 5 to remove soluble proteins 
yielded preparations with variable activity, the highest found being 80,000. Other 
attempts to remove the contaminating protein by means of calcium phosphate gels 
over a pH range of 3 to 8, by differential denaturation or by zinc-ethanol fractiona- 
tions, were all unsuccessful. 
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at 0° to pH 5, and the mixture centrifuged at 3000 X g for 30 minutes at 
0°. The sediment was discarded. The supernatant fluid, taken to pH 7 
with 2 n sodium hydroxide, had a specific activity of 22,000, and total 
activity of 5 to 6 Xx 10%. Thus, the solubilization increased the specific 
activity some 100-fold without substantial decrease in the total activity. 

Step 5—The volume of the preparation at this stage was usually about 
10 liters, and it was found convenient to reduce this volume by placing 
the solution in cellophane bags in front of a powerful fan. The evaporation 
was continued until the volume was about 500 cc. A small amount of 
insoluble material which appeared was centrifuged and discarded. 

Step 6—Solid ammonium sulfate was added at pH 7 to 50 per cent 
saturation (35.3 gm. per 100 cc. at 0°), and after standing for 1 hour the 
precipitate was discarded after centrifugation at 3000 X g for 45 minutes 
at 0°. To the supernatant fluid solid ammonium sulfate was added to 75 
per cent saturation, and after further standing, the suspension was centri- 
fuged at 3000 X g for 1 hour. The sediment was taken up in a small 
volume of water and dialyzed for several hours. The specific activity of 
the freshly prepared enzyme is usually in the range 120,000 to 140,000, 
and the total activity about 4 X 10%. Lyophilization yielded a white 
powder, weighing about 200 mg., and with a nitrogen content of 10.8 per 
cent. The enzyme was completely soluble in water. Since the prepara- 
tion was to be used in the hydrolysis of peptides containing p- amino acids, 
it was necessary to determine whether it contained appreciable p-amino 
acid oxidase activity; with pt-methionine as the test substrate, the oxidase 
activity was found to be zero. 

Lipide Content of Peptidase Preparation—A sample of the lyophilized 
preparation was further dried in vacuo over phosphorus pentoxide, and 
then extracted in a micro-Soxhlet apparatus for 18 hours with a 2:1 ether- 
acetone mixture. The loss in weight was 30 per cent, and the N content 
of the residual protein was 15.6 per cent. The extracted lipide was dried 
and analyzed for phosphorus. Assuming all the phosphorus to be present 
in a phospholipide of the lecithin or cephalin type, the latter would account 
for 70 per cent of the extracted material. The defatted protein was no 
longer enzymatically active. 

Stability of Peptidase Preparation—aAs noted, the freshly prepared pep- 
tidase possessed an activity toward glycyl-p-alanine in the range 120,000 
to 140,000. Four such preparations were made. When the preparations 
were allowed to stand in the lyophilized state at 0° and the samples re- 
moved from time to time, and taken into aqueous solution without any 
centrifugation, the specific activity appeared to increase progressively. 
Thus, one preparation which had an initial specific activity of 122,000 
revealed an activity of 145,000 after 1 week of storage, of 192,000 after 3 
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weeks, of 212,000 after 4 weeks, of 262,000 after 7 weeks, and of 280,000 
after 9 weeks. Still another preparation rose from an initial activity of 
128,800 to 240,000 in 5 weeks, to 266,000 in 7 weeks, to 285,000 in 8.5 
weeks, to 336,000 in 11 weeks, and to 365,000 in 12 weeks. Such a rise 
occurred not only in the lyophilized state but also in preparations stored 
at 0° in aqueous solutions. Prolonged dialysis of such aged preparations 
against distilled water failed to alter their activity in any way. Moreover, 
the electrophoretic pattern of the preparation (see below) did not alter in 
any perceptible manner as a result of the aging process. At each time 
interval that the assay was made, addition of cobalt (see below) resulted 
in practically the same per cent activation. This very curious and in- 
teresting increase in activity on aging may be due to some intramolecular 
transformation, perhaps analogous to the chymotrypsinogen-chymotrypsin 
or procarboxypeptidase-carboxypeptidase alteration. 

The enzyme studies reported in this paper were made on preparations 
approximately 2 months old, with specific activity in the range, 280,000 
to 320,000. Because of this increase in activity on standing, the values 
calculated for the degree of purification of the enzyme over that of the 
fresh homogenate reflect both purification procedure and the aging process. 
There is little doubt that on further aging the specific activity would 
continue to rise. However, the rate of increase in the activity appears to 
diminish at about 60 days, and since further delay in the study of the 
preparations beyond this point would serve no clearly useful purpose, the 
properties described for the enzyme have been ascertained at this stage of 
storage. 

Purification toward Related Substrates—When the fresh aqueous homog- 
enate of the hog kidney was subjected to centrifugation at pH 5 and at 
3000 X g and 0°, the sediment, neutralized and made up to the original 
volume with ice water, contained over 90 per cent of the activity toward 
glycyl-p-alanine of the homogenate. Approximately 80 per cent of the 
total activity of the homogenate toward glycyldehydroalanine was also 
found in this sediment. On the other hand, the greater part of the activity 
toward glycyl-L-alanine was found in the supernatant fluid, but this activ- 
ity was so unstable and decreased so rapidly that it was impossible to 
ascertain its level with sufficient accuracy. The sediment, however, con- 
tained some activity toward this substrate, and, after repeated washings 
with cold distilled water, the ratio of activity of glycyl-L-alanine to glycyl- 
p-alanine reached a final constant value of about 1.5:1. 

On standing, the increase in activity of the preparations toward glycyl- 

* Centrifugation at pH 6.8 leads to a more stable supernatant fluid in which some 
90 per cent of the total activity of the homogenate toward glyeyl-L-alanine is con- 
centrated. 
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p-alanine was paralleled by the same progressive increase toward glycyl- 
L-alanine and toward glycyldehydroalanine. Thus in about 6 to 8 weeks 
there is an approximate doubling of the activity toward all three substrates, 
and beyond that point the activities continue to increase. Whatever 
changes take place in the enzyme preparation during storage, they appar- 
ently affect equally the activities toward each of the three substrates 
mentioned. 


Fie. 1 Fia. 2 

Fig. 1. Electrophoretic schlieren diagrams of a purified peptidase preparation 
(specific activity equal to 300,000) at various pH values and 3.8°. Ascending bound- 
aries only are shown. A, Sérensen’s phosphate buffer, pH 6.0; resistance = 30002 
(1) after 2 hours, (2) after 3 hours; B, Palitzsch’s borate buffer, pH 7.0; resistance 
= 28002 (I) after 1.5 hours, (2) after 3 hours; C, Palitzsch’s borate buffer, pH 8.2; 
resistance = 30000 (/) after 2 hours, (2) after 3 hours. 

Fic. 2. The sedimentation of a purified peptidase preparation as a function of 
time. Time after beginning of sedimentation in minutes, 0, 16, 32, 50, 66; rotor 
speed, 59,780 r.p.m.; temperature, 24°. 


Physical Properties of Preparation*—Electrophoretic studies were carried 
out in a Klett apparatus with a Longsworth scanning device. Purified 
enzyme solutions (protein concentration of 0.8 to 1.5 per cent) were di- 
alyzed with stirring against borate or phosphate buffers for 36 hours at 5°. 
Three experiments over the pH range of 6.0 to 8.2 are shown in Fig. 1. 
Only one main peak was observed, but there is evidence at the higher 
pH values of a slight skewing which may indicate the presence of a second, 
faster, minor component. A plot of the mobilities at the pH values of 6.0, 


* With the generous cooperation of Dr. Herbert A. Sober and Mr. Frederick J. 
Gutter of this Laboratory. 
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7.0, and 8.2 yields a straight line which, extrapolated to zero mobility, 
gives a provisional value for the isoelectric point of 4.6. 

Electrophoretic experiments on only partially purified preparations, i. e. 
on those from which the soluble protein had not been completely removed, 
showed additional peaks to be present. It was possible by sampling to 
show that only the peak whose mobility corresponded to that of the purer 
preparations possessed peptidase activity. Moreover, a steady reduction 
in the contribution of the additional components was observed as the 
preparations were grouped in order of increasing specific activity. 

Sedimentation studies were carried out at 24° in the Spinco electrically 
driven, model E ultracentrifuge at a speed of 59,780 r.p.m. The results 
have been corrected to sedimentation in water at 20° for comparison with 
the usual published data. All the experiments were carried out in 0.1 M 
acetate buffer at pH 5.5 after dialysis for 36 hours at 5°. The protein 
concentration was 1 per cent. A single major peak was observed in the 
best preparations (Fig. 2), although a secondary peak, amounting perhaps 
to 5 per cent of the total protein, was evident in some of the exposures. 
The presence, however, of a single sedimenting boundary does not exclude 
the possibility of a polydisperse system. 

The sedimentation runs were carried out at a pH somewhat above the 
isoelectric point, and consequently any estimation of the molecular weight 
may be somewhat inaccurate due to charge effects. However, a value of 
5.3 X 10-" has been calculated for the sedimentation constant of the 
major component, yielding an estimate of 75,000 to 80,000 for the molecular 
weight on the basis of an unsolvated, spherical particle. Direct diffusion 
measurements were impractical with the small amount of material avail- 
able. 
Optical Purity of Glycyl-t- and p-Amino Acids—All of the optically active 
amino acids used for the synthesis of the peptides reported in this paper 
were resolved from the acylated racemates by the procedure developed in 
this Laboratory (21), and were more than 99.9 per cent optically pure (22, 
23). The process of N-chloroacetylation, followed by amination to yield 
the glycyl peptides, should not have resulted in any racemization. How- 
ever, in view of the fact that initial reaction rates are reported with these 
compounds, any appreciable amount of racemization might have profound 
effects upon these rates and essentially negate a valid comparison between 
the enzymatic susceptibility of the enantiomorphic peptides. Further- 
more, even if the substrates were optically pure at the start of the reaction, 
it is important to know whether the constituent amino acids retained their 
optical configurations during and after the enzymatic digestion. A proce- 
dure analogous to that suggested by Zeller (24) was therefore employed. 

Three representative pairs of peptides were selected; namely, glycyl-t- 
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and p-alanine, glycyl-L- and p-phenylalanine, and glycyl-L- and p-leucine. 
Each peptide was treated with enough of the peptidase to hydrolyze it 
completely. At the end of the hydrolysis, aliquots of the digest were 
treated respectively with ninhydrin, with p-amino acid oxidase, and with 
L-amino acid oxidase (Table I). It is noted that (a) the peptides are 
hydrolyzed completely, (b) hydrolysates derived from the glycyl-L-amino 
acids react quantitatively with L-amino acid oxidase and not at all with 
p- amino acid oxidase, and (c) hydrolysates derived from the glycyl-p- 


TABLE I 
Determination of Optical Purity of Hydrolytic Products of Certain Glycyl-.- and 
p-Amino Acids after Completion of Peptidase Action“ 


Per cent amino acid oxidized by 


Substrate Per cent hydrolysis = 
Amino acid p-Amino acid 
oxidase oxidase 
Glyeyl-L-alan ine 100 100 0 
Glyeyl-D-alan ine 100 0 100 
Glyeyl-L-phenylalanine 100 100 0 
Glycyl-p-phenylalanine......... 100 0 100 
Glyeyl-L-leu eine 100 100 0 
Glyeyl-D-leu eine 100 0 100 


— — 


* The digests consisted of 3 ce. of enzyme solution, 3 cc. of 0.1 u borate buffer, pH 
8.0, and 3 cc. of 0.05 m substrate solution or water alone. Incubation period 20 hours 
at 37°. At the end of the incubation period, (a) 3 cc. were removed for the determi- 
nation of hydrolysis (manometric ninhydrin procedure), (b) two 0.5 cc. aliquots were 
removed to test with hog kidney p-amino acid oxidase preparation, and (e) two 0.5 
cc. aliquots to test with snake venom L-amino acid oxidase. Crotalus adamanteus 
venom used with phenylalanine and leucine; Bothrops jararaca venom with alanine. 
Glycine is unreactive toward L- and p- amino acid oxidases. 


amino acids react quantitatively with p-amino acid oxidase and not at all 
with L-amino acid oxidase. 

Substrate Specificity—The activities under identical experimental condi- 
tions are given in Table II for a variety of glycyl-.-, p-, and dehydroamino 
acids. The values given for the aqueous homogenates are for fresh prep- 
arations; those given for the purified peptidase are from a preparation 
which had been stored about 2 months in the lyophilized state“ at 0°. 


‘Obviously not all of the substrates listed could be studied on the same day. 
Since the peptidase was daily increasing in activity, the hydrolytic rate of glycyl-p- 
alanine was taken as a standard, and the rates of all other compounds, whenever 
determined, were adjusted to this standard. The justification of this was based on 
the observation that the increase in activity of the peptidase was the same for all 
the substrates. 
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The degree of purification of activity toward the glycyl- - amino acids 
(at this stage) is, with the exception of that toward glycyl- p- alloisoleueine, 
1500 to 2600, or appreciably constant for the variety of substrates studied. 
A similar, nearly constant degree of purification of a lower order of magni- 
tude is noted for the glycyldehydroamino acids. Most of the rates given 


Taste II 


Initial Rates of Hydrolysis of Corresponding Glycyl - I-, o-, and Dehydroamino Acids 
by Peptidase Preparation and by Hog Kidney Homogenates* 


L-Peptides | p-Peptides Dehydropeptides 
Terminal residue Rate with Rate with 
— Ratio | Ratio 
Homogenate Peptidase Homogena te Peptidase 

D 128,000 200 300,000 | 1500 395 | 300,000 | 750 
Aminobutyrie acid. .| 120,000 62 137,000 | 2200 156 188,000 | 1200 
e 19,600 13 25,000 1900 227 132,000 | 580 
Norvaline........... 237 ,000 160 182,000 | 1200 103 122,000 | 1200 
Isovaline........... 91,500 21 56,000 2600 
Leucine............. 227 ,000 64 132,000 | 2100 106 110,000 | 1000 
Norleucine.......... 206 ,000 156 215,000 | 1400 485 310,000 | 650 
Isoleucine........... 4,300 5 9,600 1920 148 | 154,000 | 1000 
Alloisoleucine ...... 12,800 £10 52,000 | 5200 | 
Methionine.......... | 350,000 156 251,000 1600 
Phenylalanine....... 222,000 55 108,000 1960 62 69,000 | 1100 
188,000 35 86,000 2400 
Tryptophan 142,000 386 66,500 190 | 
128.000 61 151,000 2100 | 
Threonine. 42,0 4 7,100 1800 
Aspartic acid 32,500 15 39,500 2620 | 
Glutamic “ ....... 3B, 000 | | 
78,000 


—ͤ———— — 


5 In terms of micromoles of substrate hydrolyzed per hour per mg. of protein N 
at 37°. 


in Table II, including that of the exceptional case of glycyl- p- alloisoleueine, 
have been repeatedly checked. 

The high rate of hydrolysis of many of the substrates is noteworthy. 
Thus, the turnover number per minute at 37° for glycyl-p-alanine may be 
calculated as about 60,000. For the most part, the comparable glycyl-t-, 
r-, and dehydroamino acids are hydrolyzed at rates of nearly the same 
high order of magnitude. When differences do occur, it must be recalled 
that all the substrates were measured under identical conditions and that 
these might not have been optimal for all. It seems probable, therefore, 
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that the action of the peptidase is relatively independent of the optical 
configuration of the terminal amino acid residue. 

As mentioned above, little of the high activity of the crude homogenate 
of hog kidney toward the glycyl-L-amino acids is due to the enzyme de- 
scribed in the present report. Consequently, the activity of such homog- 
enates toward glycyl- I- amino acids in relation to the activity of the purified 
enzyme has little significance and has therefore not been included. 


Taste III 
Initial Rates of Hydrolysis of Various Dipeptides and Tripeptides by Peptidase 
Preparation 
Dipeptides® Rate Tripeptidest Rate 

L-Alanyl-L-alanine 370,000 | Glyeyl-L-alanylglyeine 5000 
L-Alanyl-p-alanine 160,000 | Glycyl-p-alanylglycine 34 
p-Alanyl-p-alanine 2,000 | Glycylglycyl-.-alanine 4300 
L-Alanylglycine 320,000 | Glycylglycyl-p-alanine 3900 
p-Alanylglycine 143 | Glycylglycylglycine 440 
Glycylglycine 132,000 | Chloroacetylglycyl-t-alanine 30 
Glycylsarcosine 19 | Chloroacetylglycyl-p-alanine 9 
Glycylaminoisobutyric acid 142,000 
Glycyl-a,a-diethylglycine 4,000 
Glycine amide 225 
L-Leucinamide 250 
p-Leucinamide 5 
a,a-Di(glycylamino)propionic | 14,000 

acid 
L-Cystinyldiglycine 138 ,000 
Chloroacetyl-L-leueine 32 
Chloroacetyl-p-leucine 43 


* With the exception of cystinyldiglycine, the rates are expressed in terms of 
micromoles hydrolyzed per hour per mg. of N at 37°. 

t Rates of hydrolysis of these compounds, plus that of cystinyldiglycine, are 
expressed as micromoles of carbon dioxide liberated per hour per mg. of N at 37°. 


The relative constancy of the ratios for the various glycyl-p- and de- 
hydroamino acids in Table II is all the more remarkable in view of the 
probably different states of the enzyme in the particulates and in the puri- 
fied, soluble form. On the other hand, the fact that the degree of purifica- 
tion toward the glycyl-p-amino acids is roughly twice that toward the 
glycyldehydroamino acids may well be a result of such differences ot the 
physical state. 

In Table III, the activities of the peptidase towurd a variety of substrates 
are given in order to define more strictly the specificity of the system. 

Possibly as a result of the high degree of purification of the enzyme, it is 
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difficult to ascertain its absolute specificity requirements. No substrate 
studied was found to be unattacked, even the lowest rate noted being well 
outside the range of any experimental error (10). The longest period of 
incubation used to determine the rates reported was 3 hours, and the usual 
period was 30 minutes. 

The results on the alanyl peptides confirm the impression elicited by the 
data in Table II, namely that the optical configuration of the terminal 
amino acid plays a secondary réle. Thus, on passing from t-alanyl-1- 
alanine to t-alanyl-p-alanine, the hydrolytic rate decreases only by about 
one-half, but, on passing from L-alanyl-p-alanine to p-alanyl-p-alanine, the 
rate diminishes to one-eightieth. From t-alanylglycine to p-alanyiglycine, 
the rate diminishes one-two hundred thousandth. The nature of the op- 
tical configuration of the acyl amino acid is evidently the predominating 
factor, as witnessed also by the data on L- and p-leucinamide (Table III). 
Again, although the hydrolytic rates of chloroacetyl-L- and p-leucine (Table 
III) are considerably less than those of the corresponding glycyl-1- and 
p-leucine, they, like those of the glycylamino acids, are of the same order 
of magnitude for the L and the D forms. These data prove reasonably 
conclusively the absence of appreciable contamination by the soluble hog 
kidney enzyme acylase I (21) which hydrolyzes chloroacetyl-t-leucine about 
32,000 times more rapidly than chloroacetyl-p-leucine. 

The nature of the side chain of the terminal amino acid in the series of 
glycyl-t-, p-, and dehydroamino acids studied (Table II) also plays a 
relatively minor réle in their hydrolytic susceptibility. Thus, with the 
exception of the saturated derivatives of valine and of isoleucine, with their 
branched side chains and common possession of only a single hydrogen 
atom on the g- carbon of these chains and with hydrolysis at a relatively 
lower rate, nearly all of the other compounds are hydrolyzed at rates close 
to the same high order of magnitude. There is no apparent consistent 
effect of increasing side chain length in a homologous aliphatic series, as 
with other enzyme systems (12, 21, 25). 

Study of the tripeptides (Table III) reveals an interesting difference 
between the enantiomorphic pairs of glycylalanylglycine and glycylglycylal- 
anine. The initial“ hydrolytic rate of glycylglycyl-1-alanine is practically 
the same as that of glycylglycyl-p-alanine, whereas that of glycyl-L-alanyl- 
glycine is more than 100 times greater than that of glycyl-p-alanylglycine. 
Thus, again, the optical configuration of the terminal amino acid in the 
peptide chain is of much less consequence in influencing the hydrolytic 
susceptibility than the optical configuration of the amino acid in the middle 
of the chain, where the L configuration confers the greater susceptibility. 

Other points of interest in regard to the specificity of the enzyme are 
(a) the enormous decrease in susceptibility on going from glycylglycine to 
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glycylsarcosine (Table III), (6) the dispensability of a hydrogen atom on 
the a-carbon of the terminal amino acid as shown by the ready susceptibil- 
ity of glycyl-I- and p-isovaline (Table II) and of glycylaminoisobutyric 
acid, glycyl-a,a-diethylglycine, and a,a-di(glycylamino)propionic acid 
(Table III) (the greater bulk of the substituents on the a-carbon atom of 
the terminal amino acid, as in glycyl-a,a-diethylglycine compared with 
glycylaminoisobutyric acid, results in a considerable loss in susceptibility 
to the enzyme), and (c) the relatively low rates for the chloroacetylamino 
acids and peptides, compared with the corresponding glycyl derivatives. 

Attempted Further Fractionation of Activity—In view of the wide range of 
activities of the purified peptidase, it appeared of interest to see whether, 
by further fractionation procedures, some separation might not be achieved. 
A partially purified preparation (activity of 32,000 toward glycyl-p-alanine) 
was therefore fractionated by frontal analysis on a resin column (26). 
About 70 mg. of protein were taken up in 25 cc. of phosphate buffer at pH 
6.95 and dialyzed against the same buffer at 5°. The cation exchange 
column Ion-X (200 by 500 mesh), obtained from Microchemical Specialties 
Company, California, was used in the ammonium form, and fractions were 
collected at a flow rate of 0.6 cc. per hour, 0.6 cc. per fraction. The auto- 
matic recording interferometer cell of Kegeles and Sober was used (26). 
Estimation of protein in the tubes was by measurement of absorption in 
the Beckman spectrophotometer at 260 and 278 mu after dilution to 5 ce. 
in each case. Conversion to protein N was made by Kjeldahl digestion 
and analysis of an unfractionated sample. The various fractions were 
tested against the following substrates: glycyl-p-alanine, glycyl-p-phenyl- 
alanine, glycyl-p-aspartic acid, glycyl-p-serine, glycyl-L-alanine, glycyl-.- 
phenylalanine, glycyl-t-aspartic acid, glycyl-L-serine, L-alanylglycine, and 
glycyldehydroalanine. The activities toward each of these substrates came 
off the column in the same tube, and the ratios of activities were, within 
experimental error, those of the initial sample. Some fractionation from 
enzymatically inert protein was achieved, for the initial tube possessed an 
activity toward glycyl-p-alanine of 69,000. 

Other attempts to separate the activities in a partially purified prepara- 
tion toward the enantiomorphic glycylalanines included (a) the use of 
calcium phosphate gels over a wide range of pH (3 to 8) at 0°, and (b) the 
heating of enzyme solutions at pH 8 and 60° for 1 hour. There was no 
fractionation achieved by the use of the gels, and there was no change in 
specific activity toward glycyl-L-alanine and glycyl-p-alanine in the heated 
solution. At pH 4.8 (acetate buffer) and 50°, the activity of the enzyme 
toward glycyl-t-alanine diminished progressively and at the same rate as 
that toward glycyl-p-alanine. 

Studies of Substrate Mizxtures—The rate of hydrolysis of a mixture of a 
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standard substrate, glycyl-p-phenylalanine, with other peptides was fol- 
lowed in the presence of the purified peptidase (Table IV). If two enzyme 
centers were involved, it would be expected that the measured rate of 
hydrolysis of the mixture of the substrates would be a summation of the 
rates of each substrate considered singly. However, the measured rate for 
each mixture is obviously a mean value for the rate of hydrolysis of each 
substrate. Thus, the data are compatible with the presence of only one 
enzyme center. The intermediate hydrolytic rates of the mixtures suggest 
a competition at this single site. 


Tasie IV 
Rates of Hydrolysis of Miztures of Substrates* 
Rate of 
Rate of Substrate 1 Rate of Substrate 2 2 
Glycyl-p-phenylalanine 100,000 | Glycyl-t-phenylalanine | 230,000 | 180,000 
* 100,000 | Glyeyl-L-serine 135,000 | 126,000 
100,000 | Glycyl-t-alanine 140,000 | 122,000 
a 100,000 | Glycyl-t-aspartic acid 34,000 | 81,000 
* 100,000 | Glycyl-p-serine 154,000 | 141,000 
- 100,000 | Glycyl-p-valine 25,000 | 85,000 
t Glycyldehydroalanine 210,000 107,000 
t Glyeyldehydrophenyl- 71,000 | 33,0003 
alanine 
100,000 1-Alanyl-p-alanine 170,000 | 130,000 


* In terms of micromoles of substrate hydrolyzed per hour per mg. of N. The 
digests consisted of 1 cc. of suitably diluted enzyme solution in water, 1 cc. of borate 
buffer at pH 8, 1 cc. of either 0.05 u glycyl-p-phenylalanine or 0.05 u solution of the 
other peptide, and 1 cc. of water. For the tests with mixtures of the two substrates, 
the 0.05 m substrate is substituted for 1 cc. of water. 

t The rate of glycyl-p-phenylalanine is of no consequence here, since only the 
dehydropeptide rate is measured in the mixture. 

t Only the dehydropeptide rate, measured by ammonia evolution. 


Effect of Substrate Concentration—The effect of substrate concentration on 
the hydrolytic rate toward glycyl-p-alanine was determined at six different 
concentrations ranging from 0.00125 to 0.0125 m. From the initial slopes 
of the curves, the initial velocities were calculated and the values plotted 
against substrate concentration in Fig. 3. The Michaelis constant, X., 
thus derived equals 3.5 X 10, and is in the general range of values for 
many hydrolytic systems. 

Effect of Enzyme Concentration—The effect of enzyme concentration was 
investigated under conditions under which the enzyme was saturated with 
the substrate. The digests consisted of 1 cc. of enzyme solution, 2 cc. of 
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borate buffer at pH 8.0, and 1 cc. of 0.05 m glycyl-p-alanine. The rates of 
hydrolysis and the corresponding amounts of enzyme protein N in mg. 
were as follows: 285,000 at 4.2 XK 10, 271,000 at 2.1 X 10, 300,000 
at 1.4 X 10, 294,000 at 1.05 x 10, and 315,000 at 0.84 x 10~. Thus, 
within this range, the activity is constant with enzyme concentration. 
Effect of Temperature—The effect of temperature on the hydrolytic ac- 
tivity toward glycyl-p-alanine has been investigated. Digests were set up 
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Fig. 3. Determination of the Michaelis constant (K.) for the hydrolysis of glyeyl- 
p-alanine by the purified peptidase system. Initial velocities (v) at varying molar 
substrate concentrations (S). The intercept of the straight line on the abscissa gives 
a value for -/ K.. v = moles per hour per mg. of protein nitrogen. 

Fic. 4. Effect of pH on the hydrolysis of certain I- and p-dipeptides and a de- 
hydropeptide. The digests contained 1 cc. of 0.05 m substrate, 1 cc. of enzyme 
solution (1.06 Xx 10mg. of protein nitrogen per cc.), and 2 cc. of Palitzsch’s borate 
buffer solution at the appropriate pH. Incubation was for 30 minutes at 37° in each 
case. pH values at the extremes of the curves were checked before and after incuba- 
tion. A, glycyl-u-phenylalanine; , glycyl-t-alanine; A, glycyl-p-phenylalanine; 
Q, glycyl-p-alanine; @, glycyldehydroalanine. The hydrolytic rate expressed in 
micromoles per hour per mg. of protein nitrogen. 


to contain 1 cc. of 0.05 m glycyl-p-alanine, 2 cc. of borate buffer, pH 8.0, 
and 1 cc. of enzyme solution at a suitable dilution. Incubation was for 
30 minutes at the desired temperature. The following rates were obtained: 
at 30°, 186,000; at 40°, 395,000; at 50°, 1,100,000; at 60°, 1,300,000. The 
temperature coefficient over the range 30-40° can be calculated to be 2.1, 
and over the range, 40-50%, to be 2.8. Above this temperature, thermal 
inactivation begins and the temperature coefficient falls sharply. The 
turnover number, calculated at 50° for the hydrolysis of glycyl-t-alanine, 
is 220,000 per minute. 
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Effect of Nature of Buffer—The activities of the purified peptidase at pH 
7.0 toward several glycylamino acids in different buffers are given in Table 
V. Although borate is ordinarily a poor buffer in this range, no difficulty 
was encountered in maintaining this pH during the digestion. The differ- 
ences revealed are rather striking. The activities toward glycyl-1- and 
p-alanine and glycyl-L- and p-phenylalanine in phosphate are very consider- 
ably lower than in the presence of the other two buffers; on the other hand, 
the activity toward glycyldehydroalanine is considerably increased. The 
apparent rate-accelerating or retarding effect of the buffers is an immediate 
one. No such analysis of the buffer effect over a lange of initial substrate 
concentrations was attempted as in the elegant procedure of Neurath and 
De Maria (27), and therefore the possible relationship of phosphate with 


Tasie V 
Effect of Nature of Buffer at pH 7.0 on Activity of Peptidase Preparation® 
Initial hydrolytic rate in 
Substrate 
Borate | Phosphate 

Glycyl-t-alanine.................. 250 ,000 §,200 146, 000 
Glyeyl-D-alan ine 245, 000 10,000 220 ,000 
Glycyldehydroalanine............. 98 ,000 246 ,000 163 ,000 
365, 000 7,600 288 ,000 
Glycyl-p-phenylalanine............ 142,000 6,800 99, 000 


* In terms of micromoles of substrate hydrolyzed at 37° per hour per mg. of N. 
The buffers were Palitzsch’s borate, Sérensen’s 0.067 u phosphate, or 0.1 u Veronal- 
acetate. 


the binding of metal remains conjectural. It must be pointed out that, to 
the extent of our present knowledge of enzyme-substrate-buffer relation- 
ships, the data in Table V are difficult to interpret on the basis of the in- 
volvement of a single enzyme center. 

Effect of pH on Activity—The pH activity curves for the substrates, 
glycyl-t-alanine, glycyl-I-phenylalanine, glycyl-p-alanine, glycyl-p-phenyl- 
alanine, and glycyldehydroalanine, are given in Fig. 4. The unexpected 
differences in pH optima emphasize the caution with which substrate rates, 
measured at a single pH, must be interpreted. It would appear that, for 
the glycyl-I- amino acids, the pH optimum is about 7.2, for the glycyl-p- 
amino acids it is at about 7.7, and for glycyldehydroalanine it is at about 
8.5. 

The rates given in Tables II and III were therefore probably not optimal, 
for they were all determined at pH 8.0. At this pH, the ratio of the ac- 
tivities of glycyl-p-alanine to glycyl-t-alanine was about 2.2:1; at the 
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optimal pH for each substrate, the ratio is nearer 1.3:1. Similarly, the 
activity ratio of glycyl-p-phenylalanine to glycyl-L-phenylalanine, which is 
about 1:1.7 at pH 8, is about 1:1.9 under optimal conditions of pH. The 
possible hazards in deriving a peptidase pH curve by using a mixture of 
buffer types need no further emphasis. 

Effect of Hydrolytic Products on Rate—The possible inhibition ot hydroly- 
sis by the products of the reaction was tested as follows. Incubation mix- 
tures were prepared of 1 cc. of borate buffer, 1 cc. of enzyme solution 
(2.1 X IO mg. of protein N), 1 cc. of 0.05 M glycyl-p-phenylalanine, and 
either 1 cc. of water, 1 cc. of 0.005 M p-phenylalanine, or 1 cc. of 0.005 M 
L-phenylalanine. The incubation period was 30 minutes at 37°. No evi- 
dence of inhibition of the hydrolytic rate was noted in the presence of either 
added enantiomorph. 

Transpeptidation Experiments—The possibility that the purified pepti- 
dase might be able to carry out transpeptidations of the type studied by 
Hanes, Hird, and Isherwood (28) was tested, the procedure of these authors, 
as described for the enzyme derived from cabbage leaves, being used. The 
chromatographic analyses were carried out by Dr. Herbert A. Sober of this 
Laboratory. Enzyme concentrations were selected to give 50 per cent 
hydrolysis of the substrate when incubated for 1 hour at 37°. A control 
study with a cabbage preparation showed that a substantial amount of 
glycyl-L-phenylalanine was formed from mixtures of glycylglycine and L- 
phenylalanine. With the purified peptidase, however, no evidence at all 
for a similar transpeptidation was obtained when glycylglycine was in- 
cubated with either L- or p-phenylalanine. 

Effect of Added Metals—The activation of many peptidase systems by 
added metals in low amount has been well substantiated (29-32, 9). 

The effect was studied of a group of metal salts at a final arbitrarily 
chosen concentration of 0.000167 m on a digest of glycyl-p-alanine in borate 
buffer at pH 8.0, and the following results were obtained (+, referring to 
activation; —, to inactivation, the number being the per cent change): 
Co +30, Ni 0, Mn*+* +14, Zu +15, Cu —13, Fe+* —40, Mgt 0, 
Al. 0, and Cr. —20. The anion in all cases was sulfate. Under these 
conditions the metal for the most part exists as the colloidal hydroxide. 
In each case the metal was preincubated for 30 minutes with the enzyme. 
The results must be viewed in the light of the extreme sensitivity of the 
enzyme to metal concentration (see below). 

In view of the interest in CO as an activating metal, a more detailed 
study was made on a number of substrates (Table VI). The buffer medium 
was Veronal acetate at pH 7.0, and it will be noted (Table V) that the 
absolute values of the rates are generally lower than in borate at the same 
pH. The exceptions, namely the enantiomorphic glycylmethionines, have 
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been confirmed by repeated determinations. In all the cases studied, the 
activation by added cobalt was greater, or the inactivation was less, in the 
presence of 0.001 m than of 0.01 final concentrations of the metal. The 
degree of activation, under apparently identical experimental conditions, 
varied considerably from one substrate to the other. No differences in the 
order of magnitude of the effect of added cobalt could be detected between 


Tasie VI 
Effect of Added Co“ on Activity of Peptidase Preparation® 
Per cent change in activity with 

0.01 u Co 0.001 Co“ 
Glycyl-t-alanine. ................. 94,000 +65 +240 
Glycyl-p-alanine. ................. 150,000 +43 +120 

Glycyldehydroalanine............. 100, 000 —20 0 
Glyeyl-L-leu eine 190,000 0 +54 
Glycyl-p-leucine................... 112,000 —16 +42 
Glycyl-u-serine.................... 80 ,000 —10 +170 
Glycyl-p-serine.................... 104 ,000 +18 +652 
56,000 +19 +120 
Glycyl-p-threonine................ 14,500 +118 +230 
Glycyl-t-aspartic acid 37,000 +12 +170 
Glycyl-p-aspartic acid............. 33,000 +32 | +290 
Glycyl-t-phenylalanine............ 170, 000 —41 | +11 
Glycyl-p-phenylalanine............ 95,000 +10 +65 
Glycyl-u-methionine............... 400 ,000 —52 | —6 
Glycyl-p-methionine.............. 320, 000 — 14 +10 
L-Alanylglycine................... 110,000 +12 +17 


The digests contained 1 cc. of 0.1 u Veronal-acetate buffer at pH 7.0, 1 ee. of 
cobalt sulfate solution previously neutralized to pH 7.0 at either 0.04 M or 0.004 M 
initial concentration, and 1 cc. of enzyme solution at a suitable concentration. After 
5 minutes of incubation at 37°, there was added 0.05 m substrate solution. Digestion 
for 30 minutes at 37°. 


a preincubation period of 5 and of 30 minutes with the enzyme, and there 
was no appreciable formation of colloidal cobalt. 

At concentrations of Co at 3.3 X 10-*to3.3 X 10-5, the hydrolysis of 
glycyl-L-aminobutyric acid, glycyl-L-norvaline, and glycyl-t-norleucine was 
increased approximately 50 per cent. 

In the consideration of the apparent activation phenomena by cobalt, it 
appeared desirable to measure the initial hydrolytic rates in the presence 
and absence of cobaltous ions, for, if the initial velocity is raised in their 
presence, a true activation has occurred (27). If this does not occur, the 
apparent increase in rate may be due possibly to the removal of the prod- 
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ucts by some form of chelation with the metal. Time data on the hy- 
drolysis of glycyl-p-alanine are given in Fig. 5. An identical picture was 
obtained with glycyldehydroalanine under the same conditions. In both 
cases the initial velocities of hydrolysis are clearly raised in the presence of 
cobalt. 

Under the same experimental conditions, t.e. pH 7.0 with Veronal and a 
final concentration of Zn T of 0.01 m, the effect on the initial hydrolytic 
rates was noted on the following substrates: glycyl-t-alanine — 18, glycyl- 
p-alanine +58, glycyl-t-aspartic acid —50, glycyl-p-aspartic acid — 71, 
glycyl-L-threonine — 19, glycyl-p-threonine — 54, glycyl-L-serine —34, gly- 


HYDROLYSED 


MICROMOLES SUBSTRATE 


°% 20 40 60 80 100 
TIME (MINUTES) 

Fia. 5. Effect of cobalt sulfate on the hydrolysis of glycyl-p-alanine by the puri- 
fied peptidase system (specific activity 150,000). Digest A contained 10 cc. of enzyme 
solution (1.06 X 10 mg. of protein nitrogen per cc.), 10 cc. of Palitzsch’s borate 
buffer at pH 8.1 and 10 cc. of H;O. Digest B contained 10 cc. of enzyme solution 
(1.06 X 10 mg. of protein nitrogen per cc.), 10 cc. of 0.001 M CoSO, at pH 8.1. After 
incubation for 30 minutes at 37°, 10 cc. of 0.05 u glycyl-p-alanine solution were added 
to each digest at zero time and 4 cc. of samples transferred to 4 cc. of saturated picric 
acid at intervals; temperature, 37°. Curves A and B show the progress of the hy- 
drolysis in the absence and presence of cobalt sulfate. Final CoSO, = 0.00025. 


cyl-p-serine — 18, glycyl-t-leucine O, glycyl-p-leucine — 23, glycyl-L-pheny]- 
alanine —20, glycyl-p-phenylalanine —30, L-alanylglycine +200, glycylde- 
hydroalanine +150. At a final concentration of 0.001 m Zn**, the effect 
on the rate of glycyl-p-aspartic acid was O, and on glycyl-L-serine +50. 

Inhibition Studies—Incubation digests set up as in Table VI, but in the 
presence of added 0.00167 M final concentration of the sodium salts of 
citrate, phosphate, bicarbonate, sulfate, acetic acid, chloride, and nitrate, 
showed a marked inhibition of the hydrolysis of glycyl-p-alanine only with 
citrate and with phosphate (Table V). The inhibition noted was about 50 
per cent. The other anions were without effect. 

To investigate the possibility of metal involvement further in the pep- 
tidase activity, the effect of added solutions of potassium cyanide, Versene, 
cysteine, and sodium sulfide was studied. 1 cc. of a suitable dilution of 
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the enzyme was preincubated at 37° for 30 minutes with 1 cc. of borate 
buffer at pH 8.1 and 1 cc. of 0.005 m potassium cyanide solution, or 1 cc. 
of Versene (diluted 100 times), or 1 cc. of 0.003 M. cysteine or sodium sulfide. 
The inhibitory solutions were all brought to pH 7 with either acid or alkali 
before adding to the enzyme solution. Finally, 1 cc. of 0.05 M glycyl-p- 
alanine was added, and the hydrolytic rate measured as usual. 50 per cent 
inhibition was observed with cyanide, 100 per cent with the sulfide, 65 per 
cent with Versene, and 80 per cent with cysteine. 


+ 
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Fia. 6. Effect of cobalt sulfate and potassium cyanide on the hydrolysis of glycyl- 
p-alanine by the purified peptidase system. The curves show the per cent change 
in activity: Curve 1, in the presence of cobalt sulfate; Curve 2, in the presence of 
potassium cyanide; Curve 3, in the presence of a constant concentration of potassium 
cyanide (0.0033 m) sufficient to cause complete inhibition but with the addition of 
varying amounts of cobalt sulfate. The enzyme was preincubated for 30 minutes 
with the neutralized potassium cyanide or cobalt-sulfate solutions and digests then 
made up to contain 1 cc. of Palitzsch’s borate buffer at pH 8.1, 1 cc. of 0.05 M glycyl- 
p-alanine solution, 1 cc. of enzyme solution (1.06 X 10 ˙ mg. of protein nitrogen per 
cc.), and a final potassium cyanide or cobalt-sulfate concentration as indicated. 
Hydrolysis was for 30 minutes at 37°. 


If cyanide inhibition and some form of metal activation are interrelated, 
it should be possible to reverse the former in the presence of sufficient 
activating metal. Accordingly, experiments were carried out with glycyl- 
p-alanine as substrate to define the limits of cobalt activation and cyanide 
inhibition. The results are shown in Curves 1 and 2 of Fig. 6. Cobalt 
shows a very sharp maximal activation at a final concentration of about 
0.00015 m. At higher concentrations under these conditions (borate buffer, 
pH 8.1), the cobalt has & tendency to come out of solution as cobaltous 
hydroxide. From Curve 2, it seems that, at a final cyanide concentration 
of 0.0033 m, the peptidase activity is completely suppressed. By preincu- 
bating the enzyme for 30 minutes with such a cyanide concentration and 
then further preincubating samples with cobalt sulfate at various concen- 
trations in borate buffer at pH 8.0, it was possible to derive Curve 3, 
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showing the rate of hydrolysis of glycyl-p-alanine under such conditions. 
The cyanide inhibition may be completely reversed at a high enough cobalt 
concentration. This is presumably by the formation of the cobalt-cyanide 
complex, which removes cyanide from the natural metal-enzyme system. 

Metal Analysis—A sample of the protein, dialyzed for 3 days against 
three changes of triple glass-distilled water, was analyzed for metals by the 
Spectrochemistry Section of the National Bureau of Standards. Although 
appreciable quantities of copper, magnesium, silicon, and calcium were 
found, no cobalt, and only traces of manganese and zinc, could be detected. 
The first group of metals, presumably derived from contaminating sources, 
does not activate the enzyme. The absence of cobalt is significant. If we 
assume the presence of 1 molecule of cobalt per molecule of protein and a 
molecular weight of 70,000 for the protein, then the sample analyzed, 
weighing 10 mg., should contain approximately 8 y of cobalt: this would 
have been found as a major metal constituent under the conditions of 
analysis. The absence of cobalt, therefore, precludes its possible function 
as an integral component of the protein molecule. 


DISCUSSION 


On the basis of the specificity requirements noted above, we have, for 
convenience, designated the enzyme as an aminopeptidase, with the reser- 
vation that it is a relative and not an absolute designation. Because we do 
not know whether a similar preparation from another tissue will possess the 
same enzymatic properties, we further qualify its designation by referring 
to it as a renal aminopeptidase. Perhaps the most characteristic of the 
requirements for a high degree of action by this enzyme is the L configura- 
tion of the acyl group with a much lesser dependence on the optical config- 
uration of the terminal amino acid residue. This may constitute its most 
striking distinction from a carboxypeptidase whose requirements in this 
respect are the reverse (33-35).5 

It is difficult to relate the present renal aminopeptidase to those peptidase 
preparations studied by other workers. Many of these studies have been 
concerned with a wide variety of tissues, and with fractions usually derived 
from the soluble components in which the greater part of the activity 
toward peptides with L-amino acid components is associated. The only 
previous attempt to prepare a peptidase directly from the particulate frac- 
tion of a kidney homogenate is that of Shack (36), whose preparation, 
although still insoluble, hydrolyzed glycyldehydroalanine about twenty-five 
times faster than the homogenate, and which possessed some activity to- 
ward both optical isomers of glycyl-pt-alanine. The dehydropeptidase 


b Unpublished data by K. R. Rao, S. M. Birnbaum, and J. P. Greenstein. 
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preparation isolated by Yudkin and Fruton (37) from kidney, and tested 
against glycyldehydrophenylalanine, was found to be activated by Zn“. 

No attempt can be made here to review or evaluate the considerable 
data which have accumulated on the metal activation of peptidase systems, 
except to emphasize the caution needed in the interpretation of results ob- 
tained at a single concentration of metal salt and with a limited and 
restricted number of substrates in the presence of relatively crude and 
undefined enzyme sources (38). The same metal may inactivate the hy- 
drolysis of a substrate at one concentration and activate it at another, and 
no two peptides need, and probably they do not possess, a similar require- 
ment for the same optimal activating concentration of the same metal ((9), 
Table VI). The fact that the two substrates may be unequally affected by 
the same added metal ion concentration does not necessarily mean that 
they are hydrolyzed by different enzymes. Thus, the presence of a specific 
glycylglycine dipeptidase (39) and a specific glycyl-t-leucine dipeptidase 
(40) has been postulated partly on the basis of a difference in the activation 
of Co and other metal ions. A note of caution has been expressed by 
Dekker, Taylor, and Fruton (41) in regard to the ambiguities evoked by 
such restricted designations as leueine“ aminopeptidase, and they suggest 
that the problems of substrate specificity can be solved only through pro- 
gress in the purification of individual peptidases. With this point of view 
we are in complete agreement. 

In view of the relatively indiscriminate action of our renal aminopepti- 
dase preparation toward glycyl-p- and dehydroamino acids, as well as 
toward glycyl-L-amino acids, there arises the question whether p-peptidases 
and dehydropeptidases possess a separate existence. It must be recalled, 
however, that it is only in kidney that glycyldehydroamino acids are largely 
hydrolyzed by the particulates (dehydropeptidase I) (42). In all other 
tissues studied, the activity toward this class of substrates as well as toward 
glycyl-L-amino acids is largely in the soluble fraction, whereas that toward 
glycyl-p-amino acids is in the particulate fraction (7). A reversal of the 
ratio of activity in the soluble fraction of hog spleen toward glycyl-t- 
alanine and glycyldehydroalanine could be achieved by alcohol-low tem- 
perature fractionation (7). The activity toward chloroacetyldehydroala- 
nine (dehydropeptidase II) (42) and toward chloroacetyl-I- amino acids is 
in the soluble fraction of kidney homogenates, and Shack has shown that 
the concentration in activity toward chloroacetyldehydroalanine and chlo- 
roacetyl-t-alanine on purification is nearly constant for both substrates 
(36). On the other hand, there are other tissues which possess the ability 
to hydrolyze chloroacetyl- I- alanine readily but do not appreciably affect 
chloroacetyldehydroalanine (43), and although homogenates of rat brain 
readily hydrolyze glycyl-t-alanine and glycyldehydroalanine, both chiefly 
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in the soluble fraction, neither the homogenate nor soluble or particulate 
fractions measurably hydrolyze glycyl-p-alanine (7). The lack of activity 
of acylase I toward glycyl-p-amino acids and toward glycyldehydroamino 
acids has been noted.“ Many observations have suggested the multiplicity 
of peptidases with different optical and configurational specificities in differ- 
ent tissues (44-47). 


We are indebted to Mr. Robert J. Koegel and his staff for the elemental 
analyses, and to Mrs. Rembert B. Kingsley for the optical purity deter- 


The washed particulate fraction of hog kidney which contains most of 
the activity toward glycyl-p-alanine and toward glycyldehydroalanine of 
the homogenate, together with a very small proportion of the total activity 
toward glycyl-t-alanine, was treated with butanol, and a soluble peptidase 
was obtained after a few fractionation steps. The activity of the freshly 
prepared enzyme toward glycyl-p-alanine was about 600 times that of the 
homogenate. On standing at 0°, either in the lyophilized state or in solu- 
tion, the activity of the enzyme toward all three substrates progressively 
and proportionately increased about 2- to 3-fold in 2 to 3 months. Ex- 
periments reported in this paper were on enzyme preparations 2 months 
old, and represented an increase in activity toward glycyl-p-alanine over 
the fresh homogenate of some 2000-fold. At 37° the turnover number for 
this substrate is 60,000 per minute, and at 50° it is 220,000. 

Electrophoresis and ultracentrifugal studies on the purified enzyme in- 
dicated the presence of one main fraction. An isoelectric point of 4.6 and 
a molecular weight of 75,000 to 80,000 were provisionally assigned to this 
component. About 30 per cent by weight of the enzyme was extractable 
by organic solvents, the extractable material appearing to be lipide in 
nature. 

A total of 65 substrates was employed to study the structural and optical 
specificity of the enzyme. A large variety of glycyl-L-, p-, and dehydro- 
amino acids was prepared and characterized. Among these were several 
new compounds such as glycyl-L- and p-isovaline. Experiments with 1 
and p-amino acid oxidase preparations on peptides completely hydrolyzed 
by the peptidase showed that the optical configurations of the component 
amino acids were not affected. 

The hydrolytic rates of the glycylamino acids, together with certain 
alanylamino acids, amino acid amides, chloroacetylamino acids, and tri- 
peptides, were determined with the purified peptidase. Comparable mem- 
bers of the glycyl-L-, p-, and dehydroamino acids series were hydrolyzed at 
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high rates, which were nearly of the same order of magnitude. Peptides 
lacking a hydrogen atom on the a-carbon atom of the terminal amino acid 
residue, as in glycylaminoisobutyric acid or glycylisovaline, were also rap- 
idly hydrolyzed. A free amino group on the acyl residue and a hydrogen 
atom on the peptide nitrogen were necessary to confer a high order of 
susceptibility to the substrate. Tripeptides were hydrolyzed more slowly 
than comparable dipeptides. The most striking characteristic of the en- 
zyme was its relatively high requirement for an L configuration of the acyl 
group, and its relative indifference to the optical configuration (or lack of 
it, as in the case of the glycyldehydroamino acids) of the terminal amino 
acid in the peptide. In view of these phenomena, and because of its 
source, the enzyme has been designated as a renal aminopeptidase. 

Several properties of the enzyme, such as pH-activity curves, effect of 
substrate concentration, inactivation by cyanide and sulfhydryl, activation 
and inactivation by metallic ions, and levels of activity in different buffers 
have been described. 
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Since it has been impossible by the methods heretofore available to detect 
the major portion of the metabolites after administration of estrogens to 
experimental subjects, the introduction of suitable isotopes afforded a prom- 
ising approach to the solution of this problem. Recent investigations in 
which tagged compounds were used for metabolic studies have been re- 
viewed by Twombly (1). Although of considerable interest, these investi- 
gations do not necessarily reflect the metabolism of natural estrogens, since 
either the labeled artificial estrogens (2-6) differed in structure from the 
natural estrogens, being non-steroidal ; or the halogenated steroids had little 
or no estrogenic activity (7-9); or ambiguous results may have been ob- 
tained by the removal of the radioactive tracer, S**, from the conjugated 
estrogen (10, 11). 

The most suitable compound for biological studies is a natural estrogen 
labeled in the ring system, but ease of preparation led us to study 17- 
methyl-C"-estradiol, a compound which has properties and biological ac- 
tivity similar to its natural estrogenic analogue, estradiol-178. It was 
felt that this compound would be more stable than the natural estrogens, 
since oxidation in ring D, a reaction in which estradiol is in part changed to 
compounds of lower estrogenic activities, might be inhibited, thus render- 
ing bioassay of the excreta less ambiguous. This paper amplifies the brief 
reports concerning the synthesis and metabclic studies which have been 
presented previously (12, 13). 


EXPERIMENTAL | 


Preparation of 17-Methylestradiol—The 3-methyl ether of 17-methyles- 
tradiol was prepared by Cohen, Cook, and Hewett (14) by the reaction of 


* The data in this paper on the preparation of 17-methyl-C"*-estradiol were taken 
from a dissertation submitted by Harold J. Nicholas in 1950 and the data on the 
biological studies were taken from a dissertation submitted by Bernadette C. Bock- 
lage in 1952 to the Graduate School of St. Louis University in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in Biochemistry. 

Present address, University of Kansas, Lawrence, Kansas. 
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estrone-3-methyl ether with a methyl Grignard reagent, but it was not 
isolated in the pure form and characterized. In our laboratory, the yield 
of desired product was poor when the reaction was carried out in absolute 
ether because of the low solubility of estrone-3-methyl ether; by using 
toluene as a solvent yields as high as 80 per cent of 17-methylestradiol-3- 
methyl ether' were obtained. Because unsatisfactory yields of the free 
phenol were consistently obtained with a number of methods of hydrolysis, 
estrone acetate was used as starting material, even though it was recog- 
nized that some of the Grignard reagent would be consumed in hydrolysis 
of the ester (15). 

A solution of 156 mg. of estrone acetate (m. p. 125-126 in 5 ml. of dry 
toluene was added slowly with stirring to a Grignard reagent prepared 
from 58 mg. of powdered magnesium and 355 mg. of redistilled methyl 
iodide in 3 ml. of absolute ether. The white gel that formed immediately 
was maintained under dry nitrogen at room temperature with stirring for 
4 hour and then gently refluxed for 3 hours. After standing overnight, the 
Grignard complex was destroyed with 2 per cent NH. Cl solution containing 
a small amount of HCl and the organic material taken up in ether. The 
greenish oil remaining after removal of the ether was saponified with 10 
per cent NaOH, although subsequent experiments showed that this step 
was unnecessary. The residual material was treated twice with Girard’s 
Reagent T and the non-ketonic fraction recrystallized successively from 
aqueous acetone, aqueous methanol, and a mixture of benzene and pe- 
troleum ether (b. p. 30-60°) to give microscopic needles melting at 195-196°. 

product? gave a red color with diazotized sulfanilic acid and was 
readily soluble at room temperature in methanol, ethanol, chloroform, ace- 
tone, formic acid, n-butyl alcohol, propylene glycol, and dibutyl succinate. 


CisH2s02. Calculated, C 79.68, H 9.15; found, C 79.40, H 9.19 


17-Methylestradiol Monoacetate—An acetate was prepared from the phe- 
nol with acetic anhydride and pyridine in the usual manner. After re- 
crystallizations from aqueous acetone, a mixture of chloroform and 
petroleum ether (b. p. 110-115°), and aqueous methanol, the acetate crystal- 
lized in lustrous plates which melted at 148-149.5°. 


1 This compound, after several treatments with Norit and ten i 
from aqueous solvents (methanol, ethanol, and acetone), was obtained in the form 
of pearly plates; m. p. 126.5-128°. CyHz2O:2, calculated, C 79.95, H 9.05; found, 
C 79.65, H 8.81, C 79.96, H 8.90. 

* Although the Grignard reagent undoubtedly attacks the rear bond of the 17- 
keto group to give the 178-ol-17a-methyl configuration (16), we have not attempted a 
rigorous proof of structure of the material obtained and, therefore, use the name 
17-methylestradiol. The biological activity of this material would appear to be 
consistent with the 178-ol configuration. 
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CuHz0;. Calculated, C 76.79, H 8.59; found, C 76.78, H 8.38 
Saponification—0.$44 ma of acetate required 0.3439 ma of 0.1 x NaOH a 


Hydrolysis of the acetate with 0.1 x alcoholic NaOH yielded a product that 
did not depress the melting point of authentic 17-methylestradiol. 

17-Methylestradiol Benzoate—The benzoate which was prepared in the 
usual manner with benzoyl chloride and pyridine melted at 213-214.5° 
after recrystallization from a mixture of methanol and chloroform. 


C2¢Hy~O; monobenzoate. Calculated. C 79.96, H 7.74 


dibenzoate. 80.13, 6.93 
Found. 80.12, 7.20 

40 80.14, 6.86 

Mol. wt. (Rast camphor). CzelI, Calculated. 390 
0. 494 

Found. 392 

386 


Micro Saponification (17) 5.035 mg. of benzoate gave 1.580 mg. of ben- 
zoic acid. Calculated for monobenzoate 1.575; for dibenzoate 2.408 mg. 

Although the elemental analyses agree well with the calculated values 
for the dibenzoate, the molecular weight and benzoic acid determinations 
clearly show that the compound is the monobenzoate, as would be ex- 
pected. 

17-Methyl-C"-estradiol—Essentially the procedure previously described 
was used for the preparation of the radioactive estrogen. A Grignard 
reagent was prepared from 92 mg. of magnesium powder, 3 ml. of anhydrous 
ether, and 4 mc. (4 mu) of C"-methyl iodide.? To this were added 249.9 
mg. (0.8 mu) of estrone acetate. The non-ketonic product (222 mg.), 
obtained after two treatments with Girard’s reagent, was chromatographed 
on a magnesium trisilicate-Celite (1:1) column and eluted with petroleum 
ether containing 0.5 per cent of absolute ethanol (by volume). The prod- 
uct, after successive recrystallizations from a mixture of benzene and pe- 
troleum ether (b.p. 110-115°), a mixture of methanol and low boiling 
petroleum ether, aqueous methanol, and aqueous acetone, was obtained in 
40 per cent yield. It melted at 195-196° and gave no depression when 
admixed with authentic 17-methylestradiol. 

Radioassay of this compound was performed in the usual manner: oxida- 
tion to COs, collection as BaCO, plating of this precipitate, and counting of 
the Ci by means of a thin window Geiger tube. The activity of the pure 
compound and of aliquots of the solutions at the time they were used in the 
biological experiments was 5.7 X 10° Cc. p. m. per mg. Comparison with a 

The radioactive methyl iodide was purchased in ampoules containing 1 me. 


per mu from Tracerlab, Inc., Boston, Massachusetts, and was used without purifi- 
cation. C was obtained on allocation from the Atomic Energy Commission. 
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C* standard obtained from the National Bureau of Standards gave an 
activity of 3.1 uc. per mg. 

In one preparation of 17-methylestradiol, a compound having estrogenic 
activity, apparently the dehydration product 3-hydroxy-17-methy]-1 ,3 ,5,- 
16-estratetraene, was obtained possibly due to an excess of hydrochloric 
acid in the decomposition of the Grignard complex. None of this material 
was detected in the preparation of the radioactive compound. 


Biological Studies 
Bioassay—The estrogenic activity of 17-methylestradiol in aqueous solu- 
tion, as determined by assay procedures in use in this laboratory (18), is 


Taste I 
Comparison of Three Estrogens in Production of Vaginal Estrus 


| Rats Mice 
"taneous* Oralt | ,Subcu- | intravaginal? Oralt 
17-Methylestradiol................ 3,400 | 100 | 40,000 | 2 x 10 333 
17,000 | 250 | 40,000 2 x 10 333 
r 1.700 50 20,000 3.3 X 10% 333 


* Injected subcutaneously in three equal portions at intervals of 4} hours. 

¢t Administered in three equal portions at intervals of 44 hours by stomach tube. 

t Administered intravaginally according to the procedure of Emmens (19). 

1 unit is the. weight of compound required to produce vaginal estrus. The 
numerical values are the number of units per mg. 


listed in Table I for ready comparison with that of estradiol-178 and of 
estrone. The two diols are of equal estrogenic activity in mice. In rats, 
17-methylestradiol is only 20 per cent as active by subcutaneous adminis- 
tration and 40 per cent as active on oral administration as estradiol-178. 
Estrone is less active than the diols in all assays except those by the intra- 
vaginal method. 

Excretion of C after Administration of 17-Methyl-C'-estradiol—Through- 
out these investigations female rats from our colony, weighing between 250 
and 350 gm. and which had been ovariectomized, were used to eliminate 
the possibility of interference with bioassay of the excreta by ovarian 
estrogen and of changes in metabolism due to pregnancy. Pathways of 
excretion of Ci were studied in four types of experimental animals: controls 
(C), controls operated by sham (OC), rats having bile ducts which had been 
doubly ligated and then severed (DL), and those with cannulated bile ducts 
(BP). 
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Cannulation of the bile duct was similar to the procedure described by 
Sawyer and Lepkovsky (20). Under our experimental conditions which 
included the option on the part of the animal of supplying its fluid and 
electrolyte requirements by consuming either water or a solution (5 per 
cent) of sodium bicarbonate, our rats survived for much longer periods, 
i.e. up to 14 days. 

All animals were housed in metabolism cages suitable for the separate 
collection of feces and urine. Urine was voided into a chilled container. 
The bile, which was collected in an intraabdominal glass bulb, was with- 
drawn at desired intervals with a syringe and long needle. Excreta were 
kept at —10° until radioassay or bioassay could be performed. Since a 
preliminary experiment in which 200 y of 17-methyl-C"-estradiol were 
given intragastrically had indicated that Ci is not excreted in expired air,“ 
rats receiving the smaller amount (20 y) used in most of our experiments 
were not kept in cages designed for the study of respiratory metabolism. 

Radioactivity of excreta was determined by oxidizing aliquots to carbon 
dioxide, precipitation of BaC"O;, and counting with a thin window Geiger 
tube attached to an autoscaler. All samples were counted at least four 
times; only those having an average activity of 1.5 c.p.m. or more above 
background® were used in the calculation of data presented in this paper. 
A representative group of weak or questionable samples was counted by 
means of a gas flow proportional counter; the results of this more sensitive 
method of counting substantiated the procedure used. 

2 oral units, 20 y of 17-methyl-C"-estradiol (11,450 ¢.p.m.), which had 
been dissolved in aqueous ethanol were administered by stomach tube to 
each of the rats listed in Table II and excreta collected for a period of 4 
days. The number of animals in each group is given in parentheses; all 
values for excretion of Ci are averages of this number. Control animals 
excreted 86 per cent and controls operated upon, 71 per cent of the admin- 
istered Cs jn their feces, while the animals with bile fistulas excreted 
slightly greater amounts in the bile. The similarity of these data indicates 
that the source of fecal C in the control animals is the bile. The fact that 
there was no Ci in the feces of the animals with ligated or cannulated bile 
ducts implies total absorption of the administered Ci“ and absence of trans- 
intestinal excretion of the compound or its metabolites. Although the 
control animals excreted very little CM in the urine, rats with bile ducts 
doubly ligated and severed used the renal pathway when the normal route 


Moreover, preliminary investigation of the C. excreted in bile demonstrated no 
detectable volatile Ci in the samples; lyophilization did not change the Ci content, 
nor was there any detectable Ci in the sublimate. 

* This difference was demonstrated to be statistically significant by Paul M. Hyde 
of these laboratories. We wish to express our thanks to him. 
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was blocked rather than excretion by the intestinal mucosa or an extensive 
storage in the liver or other tissues. Accordingly, it appears that the 
metabolic pathway in the control animals is complete absorption followed 
by reentry of the metabolites into the duodenum by means of the bile. 

In Fig. 1, the average daily excretion of C for each type of experimental 
animal is presented. Four of the five control animals (OC and C) excreted 
no Ci in the feces on the Ist day, whereas the bile of BF animals in the 
intragastric series contained between 10 and 15 per cent of administered 
C™ during the first 4 hours, and 45 per cent by the end of 24 hours. In 
general, excretion of C in the feces of control animals was greatest on the 
2nd and 3rd day and in the bile of BF animals on the Ist day; the major 
part of C was excreted in urine of DL animals during the first 2 days. 


II 
Average Excretion of C after Intragastric Administration of 20 y of 17-Methyl-C™- 
estradiol 
Per cent of administered C. 
Type of rat 
| Bile Urine | Feces | Total 
Controls (2)*............. | 
Controls operated by sham ()) | 3 78 
Ligated duet (3) | 


© The number of animals in each group is given in parentheses. | 


Three rats with bile fistulas were injected intramuscularly by means of 
an Agla micrometer syringe (accuracy + 0.5 per cent) with the same weight 
(20 +) of the compound in 0.014 ml. of dibutyl succinate. Although only 
one insertion of the needle was made, the injection was distributed over as 
large an area of muscle as possible by changing the direction of the needle 
three times. These animals contained fistulas of metal-tipped polyethyl- 
ene tubing instead of the glass bulb and were placed in restraining cages of 
the type described by Bollman (21). An average of 31 per cent of the 
administered CM was excreted in the bile during the first 4 hours and, as 
shown in Fig. 1, 80 per cent was excreted during the Ist day. 

Absorption from Intestinal Tract—That the estrogen in aqueous alcohol 
given intragastrically was completely absorbed is indicated from the data 
in Table II. C" was not detected in the feces of animals having ligated or 
cannulated bile ducts. 

In short term experiments of 4 hours duration, the gastrointestinal tract 
and excreta were examined for radioactivity after 20 7 of the compound 
were given intragastrically. In two animals with ligated bile ducts a large 
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percentage (25 to 45 per cent) of the administered radioactivity was still 
present in the gastrointestinal tract, even though more than 10 per cent 
was already present in the urine or in the bile, respectively, of these two 
types of animals. These data indicate that complete absorption from the 
intestinal tract is not- rapid but extends over a period of some hours and 
that excretion by the liver begins shortly after absorption has begun. 

The possibility of lymph as the medium of absorption of this compound 
has been investigated in four rats; the operative techniques of Bollman (22) 


EXCRETION OF c 


— 


of ADMINSTERED c 


1234 1234 1234 234 1234 
DAYS 

Fig. I. Average daily excretion of C after the intragastric administration of 
20 y of 17-methyl-C"-estradiol in 1 ml. of aqueous ethanol. The section of the graph 
to the right of the dotted line represents excretion of C after the intramuscular in- 
jection of the same amount of estrogen in 0.014 ml. of dibutyl succinate. C, con- 
trols; OC, controls operated upon; DL, rats with ligation of the bile duct; BF, ani- 
mals with bile fistulas. The excretion in feces is depicted by solid area, in urine by 
lined area, and in bile by open area. The total height of the bar indicates daily ex- 
cretion. 


were used in the preparation of two animals with cannulation of an in- 
testinal lymphatic and of the other two with intubation of the thoracic 
duct. One rat with each type of cannulation was given 200 v of 17-methyl- 
Cu. estradiol in 1 ml. of aqueous ethanol intragastrically 6 and 24 hours, 
respectively, after the operation. The other two animals received 200 + 
in 1 ml. of corn oil by the same route, 1 and 16 hours, respectively, post- 
operatively. Samples of lymph were collected at intervals of 4 hours and 
of urine and feces every 24 hours for the determination of C. No more 
than 0.1 per cent of the administered radioactivity could be detected in 
any of the lymph samples of the animals receiving the alcoholic solution of 
17-methyl-C"-estradiol at a time when other animals with bile fistulas had 
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already absorbed and excreted up to 31 per cent of the injected radioac- 
tivity in the bile. C could not be detected in lymph, even after the 
compound was administered in corn oil. In all four animals approxi- 
mately 10 per cent of the excreted radioactivity was present in the urine. 
Thus it is apparent from these experiments that appreciable absorption of 
this compound does not occur via the lacteals. 


Excretory Products—The low dosage employed in these experiments had - 


the advantage of approaching that of physiological levels, but such mini- 
mal amounts of radioactivity did not permit positive identification of the 
excretory products. Results of direct bioassay of bile samples from the 
three animals which received 20 y of 17-methylestradiol by stomach tube 
indicated that 15, 22, and 28 per cent, respectively, of the administered 
estrogenic activity were excreted during the experimental period. 

Control studies* showed that added radioestrogen could be completely 
extracted from rat bile by ether at pH 7.0. Approximately 15 per cent of 
the Ci present in pooled bile from the first animal mentioned in the pre- 
ceding paragraph was ether-extractable under the same conditions without 
preceding hydrolysis. The estrogenic activity and C content of this ex- 
tract were found to be equivalent to 3 y of 17-methyl-C"-estradiol. After 
hydrolysis by bacterial B-glucuronidase’ twice as much ether-soluble estro- 
genic activity and CM could be recovered in the ether extract. Strong 
acidification of another aliquot increased the ether-extractable radioac- 
tivity, but such extracts had less estrogenic activity than that calculated 
from their C content which might mean destruction of the estrogen by 
acid, metabolic formation of acidic products of decreased estrogenic ac- 
tivity, or other metabolic alterations. These results suggest that part of 
the original compound was excreted in bile unchanged, some conjugated 
with glucuronic acid, and a portion metabolized to other products. 

The urine of rats having ligated bile ducts contained 78 per cent of the 
administered CH of which approximately 25 per cent was ether-extractable 
at pH 6.5 to 6.8. As with the ether extracts of the bile, such extracts 
contained the amount of estrogenic activity indicated by their C content. 


DISCUSSION 


That estrogens are present in the bile after administration of large quan- 
tities has been amply demonstrated for dogs with bile fistulas. Longwell 
and McKee (23) and Pearlman et al. (24), using fractionation and bioassay 
procedures, and Pearlman et al. (25), using fractionation followed by isola- 
tion and identification of estradiol and estrone, showed that from 8 to 39 


* Our thanks are due Mr. Richard F. Straw of these laboratories for the perfor- 
mance of this experiment. 
7 Through the kindness of Dr. Philip A. Katzman. 
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per cent of the parenterally administered estrogen could be recovered in 
the bile. Evidence for the conversion of estrone to estradiol and of estra- 
diol to estrone has been presented (25), but the unknown metabolites of 
little or no estrogenic activity are difficult, if not impossible, to detect in 
such experiments. The use of radioactive estrogen should facilitate the 
isolation of the unidentified metabolites. 

The excretion of radioactive compounds related to the estrogens by way 
of the bile or feces has also been reported (1). For example, Hanahan 
and coworkers (2) found 70 to 80 per cent of the injected radioactivity of 
the artificial estrogen, C'-diethylstilbestrol, in the bile of rats 6 hours after 
subcutaneous injection. Twombly et al. (7) have shown that, after intra- 
venous injection of radioactive dibromoestrone (Br) in a dog, 69.8 per 
cent of the radioactivity was excreted in the bile in 5 hours. Although 
they did not study the bile directly, Albert et al. (8) observed 23.6 per cent 
of administered radioactivity in the feces and 22.3 per cent in the gastro- 
intestinal tract of mice operated by sham from 10 to 12 hours after sub- 
cutaneous injection of iodo-a-estradiol (I). After ligation of the common 
bile duct, no significant radioactivity was found in feces but 6.2 per cent 
was present in the gastrointestinal tract. 

The studies reported in this paper, in which a highly active estrogenic 
compound was used, confirm and extend these investigations to the rat. 
In our experiments with amounts of radioestrogen in the physiological 
range, up to 87 per cent of administered Ci! was found in the bile which on 
direct bioassay possessed estrogenic activity equivalent to approximately 
20 per cent of that expected from the C content. These results clearly 
show that the biliary tract is an important route of excretion in the rat, 
not only of exogenous estrogenic material but also of metabolites either no 
longer estrogenic or of much lower activity. 

In our experiments, 45 per cent of the radioactivity of the estrogen ad- 
ministered intragastrically was excreted in the bile during the first 24 hours. 
On the other hand, excretion in the feces of both groups of control animals 
was much slower, probably due to the time required for intestinal passage. 
Although detectable CM in the urine of control and BF animals receiving 
20 y never exceeded 4 per cent, after the administration of 200 , the urinary 
excretion approached 10 per cent. 

Excretion into the intestine by the mucosa could not be detected in the 
experiments in which the rats received 20 7 of the radioestrogen, even in 
those animals in which the bile duct was ligated, which presumably resulted 
in higher blood levels of CU. This is of interest, since approximately 6 per 
cent of the radioactivity of injected iodo-a-estradiol was present in the 
gastrointestinal tract of mice with ligation of the common bile duct (8). 

Absorption of 17-methyl-C"-estradiol given intragastrically appeared 
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complete even in rats no longer secreting bile into the intestine. Results 
of two experiments indicate that the lymphatic system was not involved in 
the absorption of this compound after administration either in aqueous 
alcohol or in corn oil solution. In contrast, Chaikoff and associates (26) 
have found that cholesterol which has been administered in corn oil is 
absorbed mainly through the lacteals. 

The present studies show that the relative lack of potency of orally, as 
compared with parenterally, administered estrogen is the result neither of 
incomplete absorption nor of more rapid excretion. Since absorption from 
the intestine is complete, the much lower estrogenic activity of orally ad- 
ministered estrogen must be due to its failure to reach the target organs as 
effectively as that given parenterally. This is probably due to the exposure 
of estrogen first to the liver rather than to the general systemic circulation, 
a situation similar to that when ovaries (27) or pellets (28) are implanted 
in the spleen. The more rapid excretion of parenteral estrogen in a single 
injection may be due to more rapid absorption than that occurring in the 
intestine, the slower absorption and direct passage giving the liver a better 
opportunity to metabolize the estrogen. Apparently the estrogenic re- 
sponse is determined by the rates of absorption, metabolism, and excretion 
only in so far as they regulate the amount of estrogen reaching a receptive 
end-organ over a critical time interval. 


SUMMARY 


A highly potent estrogen labeled with radioactive carbon, 17-methyl- 
Cu estradiol, was prepared and characterized. 

Animals receiving 20 y by stomach tube absorbed this compound com- 
pletely, but no significant amounts of C could be demonstrated in lymph 
collected from lacteals or thoracic duct even after administration of 200 


1. 

Of 20 y (11,450 c. p. m.) given intragastrically, controls excreted 86 per 
cent of the Ci. in feces, and rats with cannulated bile ducts a similar amount 
in bile. Rats with ligated bile ducts excreted 78 per cent of the radio- 
activity in the urine, demonstrating that the kidney can excrete the metab- 
olites of 17-methyl-C"-estradiol. 

Positive identification of excretory products was not feasible at this 
dosage level, but estrogenic activity was recovered from bile and from 
urine. Since no CM was found in the expired air or in the volatile fraction 
of the excreta, it is improbable that the labeled 17-methyl group was 
removed from the steroid nucleus. 
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EFFECT OF DIBENAMINE (N-(2-CHLOROETHYL)DIBENZYL- 
AMINE) ON THE METABOLISM OF RADIOACTIVE 
EPINEPHRINE* 


Br RICHARD W. SCHAYER, JEAN KENNEDY, Ad ROSA L. SMILEY 


(From the Rheumatic Fever Research Institute, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, September 26, 1952) 


Dibenamine! (N-(2-chloroethyl)dibenzylamine), a powerful adrenergic 
blocking agent, is known to modify the pharmacological effects of epineph- 
rine and to reduce the toxicity (1). This laboratory has been studying the 
metabolism of epinephrine (2-4) and has shown the existence of at least 
five urinary metabolites. The problem of isolation and identification of 
these metabolites would be considerably simplified if Dibenamine-treated 
rats were employed, for this treatment permits a 2- to 3-fold increase in 
the dose of epinephrine tolerated, with a corresponding increase in the 
quantity of urinary metabolites. We have therefore made an investiga- 
tion on the effect of Dibenamine on the pattern of urinary metabolites and 
on the rate of metabolism of epinephrine. 


EXPERIMENTAL 


Isotopic Compounds—Synthetic procedures have been published for B- 
C'-dl-epinephrine (5), methyl-C"-dl-epinephrine (4), and the | isomers of 
both types (4). 

Effect of Dibenamine on Urinary Metabolites of Epinephrine—A chro- 
matogram of urine from a rat given Dibenamine followed by 8-C"-dl- 
epinephrine is shown in Fig. 1. This chromatogram conforms closely to 
the picture of the urinary metabolites of epinephrine which has gradually 
been formulated not only from chromatograms but also from differences in 
urinary excretion of CM after administration of methyl-labeled and 8-labeled 
epinephrine, from studies of ether-soluble fractions, and from isotope dilu- 
tion assays for unchanged epinephrine (2-4). Each peak will be discussed 
separately. 

Peak 1 is due to a substance not found in chromatograms of urine of 
rats given methyl-labeled epinephrine. Therefore, the methyl carbon atom 
has been lost. It is believed to be due to one of the substances which are 


* Supported in part by a research grant from the United States Public Health 
Service. 
1 Obtained from Givaudan-Delawanna, Inc., New York, New York. 
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rendered ether-soluble by acid hydrolysis,? Ether Fraction IV, which con- 
stitutes 5.3 per cent of the total radioactivity of this urine, or to the por- 
tion of Ether Fraction II extracted by sodium bicarbonate solution, which 
contributes 10.7 per cent of the total radioactivity. 

Peak 2 is due to a substance which also occurs in chromatograms of 
urine of rats given methyl-labeled epinephrine. The methyl carbon atom 
is retained. Adrenochrome (6) is not intermediate in its formation (7). 

Peak 3 does not occur in chromatograms of urine of rats given methyl- 
labeled epinephrine. It is probably the major urinary metabolite pro- 
duced by demethylamination of epinephrine effected by amine oxidase. 
The substance may be 3 ,4-dihydroxymandelic acid or a derivative of it. 


ACTIVITY (C.PM.) 


8 


o 20 30 
POSITION ON PAPER 
(cm.) 


Fic. 1. Radioactivity on paper chromatogram of urine from rat injected sub- 
cutaneously with 10 7 of Dibenamine hydrochloride per gm. of body weight, followed 
in 5 minutes by 7 7 of 8-C"*-dl-epinephrine per gm. of body weight subcutaneously. 
Developed in butanol 80 parts, glacial acetic acid 20 parts, water 20 parts. 


Peak 4 is probably due to unchanged epinephrine. It occurs at the 
same position in chromatograms of urine of rats given methyl-labeled epi- 
nephrine and has an R, value approximately that of epinephrine. Isotope 
dilution assay of this urine showed that epinephrine contributed about 17 
per cent of the total radioactivity. 

Peak 5 is due to a substance also found in chromatograms of urine of rats 
given methyl-labeled epinephrine; hence it retains the methyl carbon. 
Adrenochrome is not an intermediate in its formation (7). 

Peak 6 is not found in chromatograms of urine of rats given methyl- 


* Ether Fraction I is the fraction extractable by ether from acidified urine; Ether 
Fraction II is the fraction extractable by ether from acid-hydrolyzed urine from 
which Ether Fraction I had been removed previously; Ether Fraction III is the 
ether portion after extraction of Ether Fraction I with 1 per cent sodium bicarbonate 
solution; Ether Fraction IV is the ether portion after extraction of Ether Fraction 
II with 1 per cent sodium bicarbonate solution. 
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labeled epinephrine. It is probably the substance extractable with ether 
before hydrolysis, Ether Fraction I. The value of Ether Fraction I in this 
urine was 4.3 per cent. 

We have previously presented a chromatogram of the urine of a rat 
given B-C"-dl-epinephrine which is similar in most respects to this chro- 
matogram (2). However, the present chromatogram is considerably 
sharper, owing to the increased dose of epinephrine permitted by the use of 
Dibenamine. Chromatograms of urine of rats given Dibenamine followed 
by methyl-C"-dl-epinephrine do not differ significantly in any respect from 
our published chromatograms (4) of urine of rats given methyl-labeled 
epinephrine alone. These chromatograms show only three peaks, corres- 
ponding to Peaks 2, 4, and 5 of Fig. 1. 

Effect of Dibenamine on Rate of Metabolism of Epinephrine—Male Swiss 
albino mice, 18 to 21 gm., were divided into two groups of nine each. One 
group was injected subcutaneously with 200 y of Dibenamine hydrochloride 
in saline; the control group was injected with saline only. 30 minutes 
later each mouse was injected intraperitoneally with 20 y of methyl-C*-I- 
epinephrine. Exactly 20 minutes after injection each mouse was killed by 
a blow on the head and was immediately frozen by immersion in dry ice- 
acetone. For analysis each mouse was placed in warm water to thaw the 
skin, the skin removed, and the carcass homogenized (Waring blendor) in 
20 ml. of 0.1 * HCl containing 300 mg. of non-isotopic epinephrine carrier 
and ascorbic acid to prevent autoxidation. To the homogenate was added 
the cut up skin, followed by trichloroacetic acid, and the mixture was 
allowed to stand at room temperature for 30 minutes with frequent stirring. 
After filtration trichloroacetic acid was extracted from the filtrate with 
ether, and then the ether was removed with nitrogen admitted through a 
gas dispersal tube. Excess ammonium hydroxide was added and the gelat- 
inous precipitate of metal hydroxides and phosphates removed immedi- 
ately by filtration through Super-Cel. The filtrate was scratched to induce 
crystallization of epinephrine and let stand under nitrogen or hydrogen for 
several hours in the cold. The epinephrine recovered usually amounted to 
80 to 150 mg. It was counted and then recrystallized by dissolving in 2 
per cent acetic acid, adding Norit, filtering, and precipitating with am- 
monia. Constant radioactivity was always reached after one recrystalliza- 
tion. ‘, 

Each sample was counted at (or corrected to) infinite thickness. The 
original solution injected into the mice was assayed before and after the 
series of injections by adding 20 Y of epinephrine to 300 mg. of carrier, 
reprecipitating, and counting at infinite thickness. Thus the per cent of 


® We have found that a level of 10 y of Dibenamine hydrochloride per gm. of body 
weight permits a 2- to 3-fold increase in the dose of epinephrine tolerated by rats. 
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epinephrine in each mouse is simply the observed counts per minute at 
infinite thickness of the isolated epinephrine divided by the observed counts 
per minute at infinite thickness of the epinephrine from the assay of the 
original solution. All counting was done in flow counters having a back- 
ground about 20 c.p.m. in plates of 4.5 cm. square. All observed counts 
were at least twice that of the background. The results are presented in 
Table I. ? 


Taste I 
Destruction of l-Epinephrine in Mice 
Preliminary treatment (9 mice in each experiment) | Per cent C epinephrine unmeta eps — 


200 Dibenamine hydrochloride subcu- | 18, 18, 19, 19, 21, 21, 21, 25, 29, average 21* 
taneously 30 min. before administra- 
tion of epinephrine 

Control 30, 30, 31, 32, 32, 33, 36, 53, 79,f average 

35* 


* The difference between the two averages is 14 per cent. Since control mice 
metabolized 65 per cent of the epinephrine in 20 minutes, the increased rate of metab- 
olism in Dibenamine-treated mice is 14/65 = 22 per cent. 

t Omitted from the average. This high value may have been due to the injected 
epinephrine entering the intestine, where it would be slowly metabolized. 


DISCUSSION 


The results show that, under the experimental conditions used, Diben- 
amine accelerates the destruction of epinephrine in the mouse, producing 
an increase in rate of about 20 per cent. A possible explanation is that, 
under normal conditions, epinephrine is attached to certain receptors“ 
where it is temporarily removed from destruction by its metabolic enzymes. 
If, however, Dibenamine successfully competes for position on these “re- 
ceptors,” a portion of the epinephrine loses this protection and is metabo- 
lized more rapidly. Explanation of the increased destructive rate in terms 
of activation of (or removal of inhibition from) the metabolic enzymes of 
epinephrine seems less plausible, for this would necessitate postulation of an 
equal degree of activation of all the various enzyme systems involved in 
order to satisfy our observations that Dibenamine produces no change in 
the relative proportions of the urinary metabolites. The observed increase 
in rate of destruction of epinephrine, although significant, is insufficient to 
explain the greater tolerance of Dibenamine-treated animals to epinephrine. 

The chromatogram, Fig. 1, reveals a pattern of urinary metabolites 
which is in accord with other data on epinephrine metabolites. Inspection 
of Fig. 1 indicates that roughly one-half of the epinephrine is metabolized 
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by loss of the methyl carbon atom, for Peaks 1, 3, and 6 from which the 
methyl carbon has been lost are approximately equal in magnitude to 
Peaks 2 and 5 which retain the methyl carbon. We have previously shown 
by other means that roughly one-half of injected - or dl-epinephrine is 
metabolized by a route involving loss of the methyl carbon atom (3, 4). 

In the urine sample used for the chromatogram of Fig. 1, the values of 
Ether Fractions I, II, III, and IV are 4.3, 16, 0, and 5.3 per cent, respec- 
tively.2 These values compare closely with values previously published 
from urine of rats given subcutaneously 3 + of 8-C"-dl-epinephrine per gm. 
of body weight: 5.6, 18, 0, and 7.0 per cent (3). 

The use of dl-epinephrine in some or these experiments seems justified 
since it produces metabolic products similar to those from natural l-epi- 
nephrine (4). There is no evidence from this work that Dibenamine 
changes the number, nature, or relative abundance of the urinary metabo- 
lites of epinephrine. 

SUMMARY 


Dibenamine (N-(2-chloroethyl)dibenzylamine), an adrenergic blocking 
agent, produces no observable change in the number, nature, or relative 
abundance of the urinary metabolites of epinephrine. It does, however, 
cause a significant increase in the rate of destruction of l-epinephrine in the 
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THE IDENTITY OF THE PURINE-BOUND PENTOSE OF SOME 
STRAINS OF TOBACCO MOSAIC VIRUS 


Br D. L. MacDONALD AND C. A. KNIGHT 


(From the Department of Biochemistry and the Virus Laboratory, University of 
California, Berkeley, California) 


(Received for publication, September 22, 1952) 


The crystallization of tobacco mosaic virus (TMV) (1) was followed by 
intensive studies on the chemical and physical properties of the material. 
This resulted in the discovery that highly purified preparations of virus 
consist not only of protein but also of nucleic acid (2, 3), which together 
constitute a specific nucleoprotein. Subsequently, a substantial quantity 
of the nucleic acid was isolated from the viral nucleoprotein, and it was 
shown that its composition resembled that of yeast nucleic acid with re- 
spect to the constituent purine and pyrimidine bases (4). Later it was 
shown that at least three of the nucleotides corresponded with those of 
yeast nucleic acid in chemical composition, in optical rotation, and in 
decomposition point (5). Recently, the sugars which were released by 
acid hydrolysis! of the nucleic acid of two strains of TMV and the sugar of 
yeast nucleic acid were reported to behave identically in paper chroma- 
tography (6). Since it is well established that the sugar in yeast pentose 
nucleic acid is p-ribose, it seems very likely from the results just mentioned 
that the pentose of TMV nucleic acid is also p-ribose. However, this is by 
no means well established for the various strains of TMV or for other 
plant viruses. Indeed, even in the case of TMV, the sugar has not hereto- 
fore been isolated and identified as a crystalline derivative by classical 
methods. The importance of actually identifying the sugar has been em- 
phasized by the discovery of I- lyxofla vin in a natural product in which 
riboflavin might well have been expected (7). Furthermore, in the study 
of virus mutation, it is essential to establish whether or not viral strains 
differ with respect to any of their constituents, including the nucleic acid 
sugar. The usual colorimetric tests have consistently indicated the ab- 
sence of desoxypentose from highly purified preparaticns of TMV and its 
strains (8). 

Recently, Kent (9) described the isolation of p-2-desoxyribose, as the 
dibenzyl mercaptal, from calf thymus nucleic acid, and the general method 
used appeared applicable to other nucleic acids. In the present investiga- 

1 The sugars which are bound by acid-labile linkages to purines in the intact 
nucleic acid will be referred to henceforth as purine-bound sugars, in contrast to 
those which are bound by more stable linkages to the pyrimidines. 
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tion, the purine-bound pentose from the nucleic acids of each of four strains 
of TMV was isolated in the form of its crystalline di-n-propyl] mercaptal 
and compared with the di-n-propyl mercaptals of the common pentoses. 
In addition, the pentoses in hydrolysates of the nucleic acids of eleven 
strains of TMV (including the four from which derivatives were made) and 
of cucumber virus 3 (CV3) were characterized by their behavior in paper 
chromatography. All of the evidence obtained indicated that the viral 
sugar in each instance is ribose. 
Materials and Methods 


Virus Strains—The virus strains employed were those described else- 
where (10, 11). A purified preparation of each virus was obtained from 
appropriately diseased Turkish tobacco plants, or cucumber plants in the 
case of CV3, by means of differential centrifugation. The nucleic acids 
were isolated from the highly purified preparations of the viral strains by 
the heat denaturation method as recently described (12). 

The strains from which sugar derivatives were made were selected to 
represent four different types of symptoms in diseased Turkish tobacco 
plants. These were the common green mottling strain (TMV), a pro- 
nounced yellowing strain (YA), a necrotic ring lesion strain (HR), and a 
symptomless strain (M). 

Hydrolysis of Nucleic Acid—Since it was desired to prepare the mer- 
captals in concentrated hydrochloric acid in the conventional manner, the 
hydrolysis of TMV nucleic acid in this medium was investigated. 

About 100 mg. of lyophilized nucleic acid were treated with 1 ml. of 
concentrated hydrochloric acid and the mixture was held at room tempera- 
ture for 72 hours. 1 ul. samples were withdrawn at intervals and placed 
directly on Whatman No. 1 paper for ascending chromatography in ethyl 
acetate-pyridine-water (13). A strip containing viral sugar was cut off, 
sprayed with aniline oxalate (13), and heated to develop the spot. This 
spot served to locate the position of the viral sugar remaining on the uncut 
portion of the chromatogram. Two adjacent spots were cut out and the 
sugar was eluted with 2 ml. of water. The relative pentose content of each 
eluate was then estimated by means of an adaptation of the Bial reaction 
(14) with the results shown in Fig. 1. 

From such a study on TMV nucleic acid, it was decided to adopt a 72 
hour period of hydrolysis at a concentration of 100 mg. of nucleic acid 
per ml. of concentrated hydrochloric acid at room temperature. Under 
these conditions, about 50 to 75 per cent of the anticipated purine-bound 
ribose appeared in the hydrolysate. Similar results were obtained in ex- 
ploratory tests at 37° for 15 hours and at 100° for 2 minutes, but both of 
these methods appeared more difficult to control. The dark brown hy- 
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drolysates were clarified before use by spinning in the International clinical 
centrifuge for 10 minutes. 

Chromatography of Viral Sugars—1 yl. samples of the hydrolysates used 
for the preparation of mercaptals, or of comparable hydrolysates in the 
cases of strains from which mercaptals were not made, were subjected to 
paper chromatography as described in a previous section. For comparison 
with the viral sugar, ribose, xylose, arabinose, and lyxose were run on the 
paper in parallel columns. 

In the solvent mixture employed, ribose moved the farthest and was 
easily distinguished from the other pentoses, which had smaller R, values, 
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Fic. 1. Bial test color obtained from pentose released from tobacco mosaic virus 
nucleic acid upon treatment with concentrated hydrochloric acid at room tempera- 
ture for various periods of time. For method of isolation of pentose, see the text. 


as previously noted (13). The nucleic acid hydrolysates examined were 
from the strains TMV, YA, HR, M, GA, B2, B2A, B3, S1, 83, Markham 
TMV, and CV3. In all cases, only one major spot appeared upon spraying 
with aniline oxalate and heating, and this corresponded to ribose in posi- 
tion. Furthermore, only a single spot, coinciding with the position of 
ribose, was obtained by adding ribose to the hydrolysates. Addition of 
arabinose, xylose, or lyxose resulted in the appearance of two spots corre- 
sponding with ribose and the sugar added. 

Preparation of Di-n-propyl Mercaptals—F or purposes of comparison, the 
di-n-propyl mercaptals of p-arabinose and p-lyxose were prepared, as well 
us that from p-ribose. The preparation of the p-xylose di-n-propyl mer- 
captal was attempted, but yielded only a partially crystalline material with 
a broad melting range. In the solvent used for the recrystallization of the 
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mercaptals, namely ethyl acetate containing various proportions of petro- 
leum ether, the ribose mercaptal was found to be the most soluble. 

p-Ribose Di-n-propyl Mercaptal—This compound was prepared by the 
method of Zinner (15) and melted at 85-85.5°,? [als = —23.1° (e, 4, 
methanol); literature values (15), m. p. 83-83.5°, [al! = — 24.1 (meth- 
anol). 


CuH2,0,8; (284.4). Calculated. C 46.45, H 8.51, S 22.54 
Found. 46.51, 8.23, 22.25 


p-Arabinose Di- n- propyl Mercaptal—1 gm. of p-arabinose, 1 ml. of con- 
centrated HCl, and 1 ml. of n-propyl mercaptan were shaken at 0° for 45 
minutes, whereupon the mercaptal began to crystallize. Water (10 ml.) 
was added and the mixture filtered after standing for 16 hours at 4°, giving 
0.63 gm. of material melting at 126-129°. Repeated recrystallization from 
about 20 parts of ethyl acetate gave 0.43 gm. (23 per cent), m. p. 133-134“, 
[a]? = —12.7° (c, 3, methanol). For the enantiomorph, Maeda and 
Uyeda (16) reported a melting point of 128°, [a]}” = +29° (no solvent 
reported). 
CulH:, O. S: (284.4). Calculated. ( 46.45, H 8.51, 8 22.54 
Found. 46.71, 8.44. 22.35 


p-Lyxose Di-n-propyl Mercaptal—A sample of p-lyxose (0.5 gm.) was 
treated exactly as in the case of p-arabinose to give 0.52 gm. of material, 
m.p. 90-93°. Repeated recrystallization (charcoal) from about 20 parts of 
ethyl acetate by addition of an equal volume of petroleum ether (b.p. 
35-60°) gave 0.31 gm. (33 per cent), m. p. 101.5-102°, [a]? = +17.9° 
(c, 3.6, methanol). 


(284.4). Calculated. C 46.45, H 8.51, S 22.54 
Found. 46.74, “ 8.39, “ 22.28 


Small Scale Preparation of v-Ribose Di-n-propyl Mercaptal—p-Ribose (15 
mg.), concentrated HCI (0.5 ml.), and n-propyl mercaptan (0.5 ml.) were 
stirred magnetically at room temperature for 45 minutes; the mixture was 
cooled in ice and the acid neutralized by dropwise addition of 1 ml. of 
concentrated NH,OH (17). The resulting mixture was concentrated in 
vacuo, and methanol was added and removed in vacuo, this process being 
repeated three or four times to remove excess mercaptan. The mixture 
was dissolved in 10 ml. of water, saturated with NH. Cl, and extracted five 
times with 5 ml. portions of chloroform. Removal of the chloroform at 
reduced pressure, followed by crystallization from ethyl] acetate by addition 


| 
? All melting points were taken on the hot stage and analyses were by the Elek 
Micro Analytical Laboratories, Los Angeles, California. 
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of about 8 volumes of petroleum ether (35-60°), gave 13.3 mg. (47 per 
cent) of crude material, m. p. 81-85°. 

Preparation of v-Ribose Di-n-propyl Mercaptal from Viral Nucleic Acids 
X sample of TMV nucleic acid (100 mg.) was hydrolyzed as described 
above, I ml. of n-propyl mercaptan was added to the centrifugally clarified 
solution, and the mixture stirred magnetically for 1 hour. 2 ml. of con- 
centrated NH,OH were added dropwise to the cooled solution, and the 
mixture was worked up as described in the small scale preparation from 
p-ribose. The concentrate from the chloroform extract was dissolved in 
ethyl acetate, treated with charcoal, and crystallized by addition of petro- 
leum ether. Two recrystallizations from the same solvent mixture gave 
9.2 mg. of material (45 per cent yield based on an estimated pentose con- 
tent (14) in the hydrolysate of 10.6 mg.), m. p. 84.5-85.5°, mixed m.p. with 
authentic p-ribose di-n-propyl mercaptal, 84-85. 

A 50 mg. sample of HR nucleic acid treated as above yielded 6.2 mg. 
(36 per cent yield, based on a pentose content of 9.2 mg.) of p-ribose di-n- 
propyl mercaptal, m. p. and mixed m. p. 84-85°. 

An 80 mg. sample of masked strain nucleic acid gave 2.6 mg. of p-ribose 
di-n-propyl mercaptal, m. p. and mixed m. p. 83-85°. 

A 100 mg. sample of yellow aucuba nucleic acid gave 4.1 mg. (14 per cent 
yield, based on a pentose content of 15.2 mg.) of p- ribose di-n-propy] 
mercaptal, m. p. 82-84°, mixed m. p. 83-85°. 

Optical Rotation—The preparations of p- ribose di-n-propyl mercaptal 
from HR, M, and YA nucleic acids described above were combined and 
showed fals = —24° (e, 2, methanol). 


DISCUSSION 


The di-n-propyl mercaptals of three of the four aldopentoses were found 
to have distinctive melting points and optical rotations. This finding, 
together with the ready formation of the derivative in the presence of 
nucleic acid decomposition products, as indicated by Zinner (18), provides 
a convenient way to identify ribonucleic acid pentoses by classical methods. 
While the present experiments were done with 50 to 100 mg. of nucleic acid, 
exploratory tests indicated that this might be scaled down to perhaps a 
half or quarter of this amount. With further study of hydrolysis condi- 
tions, it might also be possible to improve the yield of pentose and hence of 
the derivative. Work is in progress on the application of this method to 
the identification of the pyrimidine-bound pentoses. 

The properties of the mercaptals obtained from the viral nucleic acids 
and the behavior of the nucleic acid hydrolysates in paper chromatography 
indicate that the purine-bound sugar in TMV, M, YA, and HR is p-ribose. 
The same appears to be true for the GA, B2, B2A, BZ, 81. 83, Markham 
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TMV strains, and for CV3, although in these cases the sugar was identified 
only by chromatography. Incidentally, the coincidence of results of the 
derivative formation and of the paper chromatography lends support to 
the growing contention that R, values are valid physical constants. 


The authors were assisted in the chromatographic analyses by Mr. 
George Nakamura, and are indebted to Dr. Roy Markham, Molteno In- 
stitute, Cambridge, for a sample of his common TMV, referred to as 
Markham TM in the text. 


SUMMARY 


Crystalline di-n-propyl mercaptals of ribose, arabinose, and lyxose were 
made and characterized. Mercaptals were also obtained from the sugars 
in acid hydrolysates of nucleic acids from four strains of tobacco mosaic 
virus, and were found by melting point and mixed melting point determina- 
tions and optical rotation to coincide with p-ribose di-n-propyl mercaptal. 
Paper chromatographic evidence also indicated that. the purine-bound pen- 
tose of eleven strains of TMV (including the four from which derivatives 
were made) and of CV3 is ribose. 
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A COMPARISON OF SOME MUTANTS OF TOBACCO 
MOSAIC VIRUS* 


By F. L. BLACK¢ anp C. A. KNIGHT 


(From the Department of Biochemistry and the Virus Laboratory, University of 
California, Berkeley, California) 


(Received for publication, November 19, 1952) 


Analyses of highly purified preparations of six strains of tobacco mosaic 
virus (TMV) and ot two closely related cucurbit viruses revealed that each 
possesses a characteristic composition (1, 2). Furthermore, the protein 
components of several strains were found to differ in composition from one 
another, whereas the nucleic acid constituents appeared uniform in compo- 
sition. 

Heretofore, the viral strains were selected for chemical analysis pri- 
marily on the basis of distinctive biological properties and without regard 
for their precise evolutionary relationships. However, since it has now 
been shown that strains can differ in their protein compositions, it seems 
pertinent to the chemistry of virus mutation to inquire how general this 
type of change is, and particularly to what extent such changes in composi- 
tion occur in a linear sequence of strains as opposed to more widely sep- 
arated strains. For this purpose a series of mutants of TMV isolated by 
Dr. F. O. Holmes and Dr. Martha Baylor and by one of us (F. L. B.) was 
cultured, purified, and analyzed. The results of the analyses are reported 
herein. 

Material and Methods 

Mutant Strains—The accompanying diagram gives the order in which 
the strains were obtained. It is assumed that each mutant arose from the 
strain preceding it, although not necessarily by a single step mutation. 
All strains were passed through local lesions on Holmes’ necrotic type 
tobacco in order to eliminate mixtures. 

In the B series, strains B1 and B2 are probably identical with Holmes’ 
strains 1940F and 1952D, respectively (3). It was not found possible to 
reestablish Bl on growing plants from the infected leaves that were avail- 
able and no work was done on this strain. B2 was a necrotizing strain 


* Taken in part from a thesis submitted by F. L. Black in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, University of California, 
1952. 

t Present address, the Rockefeller Foundation Laboratories, 66th Street and 
York Avenue, New York 21. 
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B2A 


7 
Bl — B2 — B3 —B4 
TMV 


Sl — 82— 83 


which caused a localized infection in dull weather but was systemic under 
better lighting conditions. B3, also isolated by Holmes, was one of his 
yellow mottling systemic submutants. 

Both strains B2A and B4 were isolated by Dr. Baylor. Strain B2A 
caused a systemic pattern of yellow or necrotic areas on predominantly 
green leaves. There were often alternate rings of green and necrotic tissue. 
Strain B4 caused symptoms which were possibly milder than those char- 
acteristic for TMV, but very similar to it. 

The S series of strains was isolated from TMV that had been put through 
two serial passages in local lesions on Holmes’ hybrid tobacco to rid it of 
possible mixed strains. Strain S1 was obtained from a yellow fleck on 
Turkish tobacco infected with this TMV by pricking the spot with a clean 


dissecting needle and then pricking a healthy plant. The new strain was 


passed from Turkish tobacco to hybrid plants and from a local lesion on 
one of them back to Turkish. The yellow mosaic symptoms on Turkish 
tobacco were not changed by the local lesion passage. Strain S2, giving a 
mild green mosaic on Turkish tobacco, was derived in a parallel manner 
from a green fleck on a strain SI- infected plant of the second passage sub- 
sequent to that on the hybrid plant. Strain 83, in turn, came from a 
yellow fleck on an S2-infected plant. It is a yellow mosaic, but distinct in 
the pattern of its symptoms from strain Sl. 

The viruses were cultured in Turkish tobacco and purified by differential 
centrifugation (4). Strains B2 and B2A yielded less than 40 mg. per kilo 
of plant tissue, while the other strains gave up to 500 mg. per kilo. 

Methods of Assay--The amino acid contents of hydrolysates (1) of the 
various strains were determined mainly by means of microbiological assays 
by Henderson and Snell’s medium (5) with a few modifications. Pyridoxal 
was replaced by pyridoxine, in order to reduce the blank titers in the 
determination of alanine, glycine, and serine; in the alanine assay, 0.08 ml. 
of Reticulogen (Lilly) was added to each 100 ml. of medium. In the 
glutamic acid determinations, glutamine was added to the medium in ac- 
cordance with the method of Hae et al. (6). 

Streptococcus faecalis (American Type Culture Collection No. 9790) was 
used for the microbiological determination of glutamic acid, histidine, leu- 
cine, methionine, threonine, tryptophan, and valine; Leuconostoc mesenter- 
oides (American Type Culture Collection No. 8042) was used for aspartic 
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acid, glycine, isoleucine, lysine, phenylalanine, proline, serine, and tyrosine; 
and Leuconostoc citrovorum (American Type Culture Collection No. 8081) 
was used to assay alanine. In each determination three tubes were titrated 


at each of three different concentrations of hydrolysate. 


TABLE I 
Amino Acid Content of Some Mutants of Tobacco Mosaic Virus* 
Strain 
Amino acid M. d.. 
TMV B2 B2A B3 B4 S1 $2 83 

Alanine 7.7 7.79.6 9.7“ 8.6 3.9% 3.66.6 | 0.8 
Arginine 9.7 u 9.7% 11.0¢ 9. 4 10.0 10.07 9.6 | 10.5* | 0.5 
Aspartic acid. 11.97 | 14.2* 11.3 12.1 14.6 18.5 13.5, | 13.0¢ | 1.0 
Cysteine....... 0.712; 0.76%} 0.71%; 0.76, 0.71] 0.708] 0.80 O0. 77 0.04 
Glutamic acid 11.0 | 12.18 | 12.7¢ | 11.0¢ | 12.5¢ | 11.48 | 11.68 | 12.08 | 1.1 
Glycine 2.5") 3.8% 2.8“ 2.5 2.3% 2.3“ 2.5% 0.3 
Histid inet. 0.01 0.00 0.04 0.00 0.02 0.012; 0.01 0.01 0.01 
Isoleucine...... 5.91% 5.2“ 5.7 6.6 6.6¢| 7.3% 7.0 7.20.8 
Leucine........ 8.0%} 8.08 | 8.15 | 8.45 8.06 8.55 8.6% 8.78 10.5 
Lysine......... 1.49 1.78 2.1 1.5, 1.57 | 1.54 1.3“ 1.5“ | 0.16 
Methioninet 0.15 | 0.1% 0. 1 | 0.12 | 0.1% | 0.0% | 0.0% | 0.0% | 0.05 
Phenylalanine .| 8.27 | 7.57 | 8.07 7.8% 8.37 | 6.94 | 6.9“ | 0.9 
Proline 5.5° | 5.4% 5.77 5.9 5.6% 5.3% 4.8% 5.2 0.5 
Serine......... 9.1 | 10.64 | 9.8* | 10.67 | 10.95 | 9.5 | 10.5* | 10.8* | 0.9 | 
Threonine...... 11.9} 9.9% 11.1 18.0 14.3% 18.77 | 12.9¢ 14.1 | 0.6, 
Tryptophan 1.97 2.0 | 2.07 | 2.07 1.9] 1.97 | 1.9% 1.80.1 
Tyrosine....... 3.7°| 3.54 4.2 3.89 | 3.68 3.99 4.2 0.3 
Valine......... 10.9 10.47 | 11.7¢ | 18.17 | 12.7% | 11.6 | 11.68 | 11.38 | 0.5 


* The values given represent gm. of amino acids per 100 gm. of whole virus. The 
figures in bold-faced type represent values for a mutant which differ from those of 
the strain from which it was derived; hence, statistically, P is less than 0.01 as 
calculated by Fisher’s method for small groups of numbers. The figures in italics 
indicate those differences when P is between 0.1 and 0.01. The superscript figures 
refer to the number of separate determinations that were made. 

t The average of the mean deviations for each strain. 

t The values for these amino acids are so low that it seems highly probable that 
there is no histidine and no methionine in any of the strains. 


The amount of cysteine in the viruses was determined directly by the 
method of Anson (7). Hydrolysates of the viruses were analyzed colori- 
metrically for tryptophan by Lugg’s method (8), and for arginine according 
to a modification of the Sakaguchi reaction (9). 

The method used for the isolation of the virus nucleic acids and for the 
determination of the molar ratios of the bases has been previously described 
(2, 10). The relative isoelectric points of the viruses were determined by 
Oster’s turbidimetric method (11). The amide nitrogen was measured by 
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a method developed by Dr. Irving Geschwind! which involves a determina- 
tion of the nitrogen that is labile when boiled in 2.5 & alkali for 7.5 min- 
utes. 


Results 
The amino acid compositions that have been determined for TMV and 
the mutant strains are given in Table I. These values were determined by 
microbiological assay except for the arginine, cysteine, and tryptophan 
figures, which were obtained by colorimetric procedures as described above. 
Microbiological assay results generally agreed well with those of colori- 
metric methods when both procedures were used, but there were two excep- 


II 

Molar Ratios of Nucleic Acid Bases of Some Strains of Tobacco Mosaic Virus 
(Calculated to Total 4)* 
Strain 
Base 2 
TMV | B2 B3 Bs 8¹ $2 $3 

Adenine............. 1.18 | 1.23 | 1.22 | 1.21 | 1.20 | 1.19 | 1.21 | 1.20 0.02 
Guanine............ 1.01 | 0.98 | 1.00 | 1.01 | 1.02 | 0.99 | 1.01 | 1.00 | 0.02 
Cytosine............ 0.74 | 0.73 | 0.73 | 0.73 | 0.74 | 0.73 | 0.73 | 0.71 | 0.01 
D 1.07 | 1.06 | 1.05 | 1.05 | 1.04 | 1.09 | 1.05 | 1.09] 0.03 


* The values are averages resulting from analyses of two different preparations 
of nucleic acid for each strain with the exceptions of TMV and B4, for which there 
were seven and one preparations, respectively. Fourteen separate analyses were 
made on the seven preparations of TMV, and standard deviations for the analyses 
are given in the final column. 


tions in the assays for arginine. Both sets of data are not given here, but 
the average difference between the arginine results by the two methods was 
only 3 per cent, except for strains B3 and B4 for which the microbiological 
procedure gave values 30 and 20 per cent higher, respectively. These high 
figures may indicate some difference between these two and the other 
strains, but the colorimetric method is considered more specific for arginine 
itself. 

Microbiological determinations of tryptophan with both S. faecalis and 
L. mesenteroides gave results that were about 18 per cent lower than those 
obtained by Lugg’s method, which are shown in Table I. This difference 
may be caused by the more severe hydrolysis procedure which was used 
with the microbiological assays and which possibly destroyed some trypto- 
phan. 

1 Geschwind, I., personal communication. 
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The results of the purine and pyrimidine determinations are presented 
in Table II and certain other characteristics of the strains are given in 
Table III. 

Electron micrographs of each strain were kindly made by Dr. R. C. 
Williams. The individual strains did not appear to differ significantly in 
particle length, and the most common particle length was found to be 
about 290 mu. 


TABLE III 

Relative Isoelectric Points, Phosphorus, and Amide Nitrogen of Some Strains of 
Tobacco Mosaic Virus 
Strain 

Tuy | pz | Bs | Be | st | 82 | 85 
Isoelectric point. 3.81 | 4.17 | 3.86 | 3.78 | 3.76 | 3.79 | 3.85 
Phosphorus, WW. 0.50 | 0.51 | 0.50 | 0.52 | 0.53 | 0.52 | 0.50 
r . 1.56 | 1.70 1.60 | 1.47 | 1.40 | 1.31 

DISCUSSION 


At least two different preparations of each mutant were used in the 
determination of an amino acid. Furthermore, different hydrolysates were 
used for most of the individual determinations. The analyses were spread 
out in time over the course of a year, and usually all of the strains of one 
series were assayed at the same time. In some cases it was found that the 
results of assays made at different times varied appreciably. This phe- 
nomenon, which was most likely due to the usual causes of variations in 
microbiological assays, had an unfavorable effect on the computations of 
significance of differences among strains. Thus the statistical test applied 
is more rigorous than usual, and probably those differences between strains 


‘with P values up to 0.1 are significant. However, it is important to note 


that throughout the assays the relative values for the different strains were 
essentially constant. 

The amino acid percentages for TMV found in this and previous in- 
vestigations do not agree in all respects. However, this study was pri- 
marily concerned with the differences between the mutant strains, and, 
from this point of view, the relative values for the various strains are of 
more importance than the absolute values. The discrepancies between the 
different sets of results cannot be due to a change in the virus, because 
results obtained in this study on virus from lots prepared during the past 
12 years by Ross and Knight did not differ significantly from those obtained 
on recent preparations. The greatest differences were noted in the figures 
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for alanine, glycine, and serine, the three assays in which the pyridoxal of 
the Henderson-Snell medium was replaced by pyridoxine in this investiga- 
tion. Apparently there was some factor in the virus hydrolysates which 
enhanced the bacterial growth under these conditions and gave high figures 
for these amino acids. The high values were reflected in the sums of the 
amino acid residues which were all somewhat higher than the expected 
value of about 94 per cent. 

In the present series, it is not possible to state how many steps were 
involved in the change from one strain to another, but either the number of 
steps or the number of amino acids that were changed in each step must 
have been variable. In general the strains that were most closely related 
in their derivation were found to be most similar in composition, but some 
of the changes that occurred in going from TMV through strains BI to B2 
were apparently reversed in the subsequent mutation to B3. The propor- 
tions of as many as five amino acids were found to be measurably modified 
during the change from one variant to the next. However, no pronounced 
differences in composition were found among the three S strains, although 
the threonine value for 83 may prove to be significantly different from that 
for 82 and Sl when more data are obtained or analytical techniques of 
greater precision are applied. 

In contrast to the inability to demonstrate chemical differences in some 
cases between pairs of strains, it was possible to detect significant differ- 
ences between each of the strains and TMV. When these results are added 
to the previously published ones (1), it will be noted that it has been 
possible to demonstrate differences in protein composition between TMV 
and eleven of the twelve strains thus far examined. On the other hand, 
the nucleic acids of these strains seem to have identical compositions, al- 
though they clearly differ from the nucleic acids of unrelated viruses (2, 10, 
12). 

In view of the recent evidence that threonine may be the chief C terminal 
amino acid in TMV (13), it is of interest that the amount of threonine 
varied more from one strain to another than did that of any other amino 
acid. 

No relationship was found between the amino acid composition of a 
strain and the symptoms it produced on tobacco plants. The diseases 
produced by TMV and strain B4 were almost indistinguishable, but the 
viruses differed in their contents of aspartic acid, threonine, and valine. 
Furthermore, the two yellow mosaics, B3 and SI, and the two green mot- 
tling strains, B2A and 82, differed in amino acid content. Finally, strains 
Sl and 82 gave rise to very distinct symptoms but showed no definite 
differences in composition. 


Little correlation could be found between isoelectric points and composi- 


tio 
to 

the 
ser 
pe 

we 
fro 
sig 
an 
ane 
the 
che 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
ll. 
12. 
13. 


F. L. BLACK AND C. A. KNIGHT 57 


tion. However, strain B2, having the highest isoelectric point, was found 
to possess a higher concentration of lysine than the other strains. 


SUMMARY 


Seven strains of tobacco mosaic virus (TMV) were purified and some of 
their properties were investigated. These strains comprised two linear 
series of mutants. All of the strains were found to differ in protein com- 
position from the typical strain of tobacco mosaic virus from which they 
were originally derived. However, none appeared to deviate significantly 
from the typical strain in nucleic acid composition. ‘There was at least one 
significant difference in protein composition between each of five strains 
and its presumed parent strain and a probable difference between one other 
and its parent. 

No relation was established between the composition of the virus and 
the symptoms it produced on tobacco plants, nor between the number of 
changes in composition and the minimal number of mutations. 
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There is evidence that before pteroylglutamic acid (PGA) can carry out 
certain catalytic functions in animal tissues it must first be converted to 
citrovorum factor (CF). This conversion has been studied in rat liver 
slices by Nichol and Welch (1), who found that the conversion was en- 
hanced by ascorbic acid. Since Streptococcus faecalis utilizes either PGA 
or CF to meet its growth requirement for folic acid (2), this organism 
presumably carries out this conversion efficiently. This organism might 
therefore be conveniently employed to study the enzymatic transformation 
of PGA to CF by the resting cell technique. The biochemical conditions 
favoring this transformation by S. faecalis and by a strain of S. faecalis 
resistant to 4-amino-10-methylpteroylglutamic acid (Amethopterin) are 
the subject of this report. 


EXPERIMENTAL 


The cultures used in this study were S. faecalis (ATCC No. 8043) and 
a strain of this organism, designated S. faecalis A, which had been made 
highly resistant to Amethopterin by procedures described elsewhere (3). 
The medium employed for culturing S. faecalis 8043 was that described 
by Flynn et al. (4) for folic acid assay with this organism. S. faecalis A 
was also cultured in this medium, but PGA was omitted and 6 y of 4-amino- 
pteroylglutamic acid were added per liter of final strength medium. To 
prepare cells for resting cell experiments, 2 drops of a 24 hour broth culture 
were added to 500 ml. of medium and incubated for 12 to 18 hours at 37°. 
The cells were harvested by centrifugation, washed once with 100 ml. of 
0.2 m phosphate buffer, pH 6.5, and resuspended in a small volume of buffer 
to permit convenient addition of 5 to 10 mg. of bacterial cells (dry weight 

* Supported in part by a grant-in-aid from the United States Public Health Ser- 
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t Research Fellow of the National Cancer Institute. 
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basis) to Warburg flasks. Supplements were first added to the flasks and 
then cells and buffer were added to bring the final volume to 3 ml. The 
flasks were then shaken on the Warburg apparatus at 37° for 2 hours in 
air unless otherwise indicated. The contents of the flasks were then washed 
into centrifuge tubes, brought to a volume of 5 ml., centrifuged, and the 
CF content of the clear supernatant liquid determined microbiologically 
(5). Leucovorin, 5-formyl]-5,6,7,8-tetrahydropteroylglutamic acid, was 
used as the standard in the microbiological assay. Leucovorin appears 
to be a mixture of diastereoisomers, one of which is biologically active and 
one of which is biologically inactive (6). Leucovorin is half as active as 


Taste I 
Enzymatic Formation of citrovorum Factor by Resting Cells of S. faecalis Cultures 
Additions to flasks | CF formed 
Flask No. S. faecalis A S. ſaacalis 8043 
5 mg. | * 10 mg. Na — 
resting cells 17 PGA acid formate i Experiment | Experiment Experi- 
1 ment 2 
mingm. 
1 + — — — 0.8 0.3 0.6 0.7 
2 + + — — 24 14 0.7 
3 + — + — 0.8 0.3 1.2 
4 + — — + 0.8 0.3 0.6 
5 + — + + 0.6 0.3 1.2 1.7 
6 + + + — 160 130 
7 + + — + 400 125 
8 + + + + 542 390 6.8 2.9 
9 Boiled + + + 0.6 2.8 0.6 


„natural“ CF occurring in horse liver (6, 7). Therefore the microbiologi- 
cal assay values in terms of leucovorin were divided by 2 to give results 
expressed as naturally occurring CF. 


Results 


The data in Table I demonstrate the enzymatic formation of CF by both 
S. faecalis cultures and show the biochemical conditions favoring maximal 
synthesis from PGA. Small amounts of CF were formed by incubation 
of S. faecalis A cells with PGA alone, but CF formation from PGA was 
markedly enhanced by the addition of ascorbic acid or formate. Maximal 
yields (39 to 54 per cent) of CF resulted when S. faecalis A cells were 
incubated with PGA, ascorbate, and formate. However, under these con- 
ditions favoring maximal synthesis of CF by S. faecalis A the parent strain 
of S. faecalis (8043) produced much less CF. Because of the efficiency of 
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CF formation by S. faecalis A, this organism was used exclusively in subse- 
quent experiments. The formation of CF by the resting cells is enzymatic, 
since boiled cells lacked the capacity to form CF (Table I). The demon- 
stration that both a reducing agent and formate were required for the 
enzymatic formation of CF from PGA recalls the conditions required for 
chemical synthesis of CF (leucovorin) (8). The effect of ascorbic acid in 
this system is not specific but is common to a variety of reducing agents, 
as is illustrated in Table IT. It is possible that the sole function of these 


II 
Effect of Reducing Agents on Enzymatic Formation of CF by Resting Cells of 
S. faecalis A 
Each flask contained 10 mg. of bacterial cells + 25 mg. of formate + additions 
indicated + buffer at pH 6.5 to 3 ml. 


— Additions to flasks CF formed 
GA Reducing agent 1 Experiment 2 

mugm. 

1 + None 192 375 

1 5 mg. ascorbic acid 19 

114 5 glucoascorbic acid 28 

6 — 5 eysteine 14 

7 + 8 oe 318 600 

8 — 5 „ glutathione 19 

9 ＋ 5 14 10 362 400 

10 — 5 „ thioglycolic acid 7 

11 + 270 600 

12 | 363 thiomalie acid 31 

13 5 66 350 


reducing agents is to provide a suitable potential to “protect” a labile, 
reduced precursor of CF, for it was found in other experiments (Table ITT) 
that the effect of ascorbic acid was very slight when the cells were incubated 
under nitrogen compared to its effect when the cells were incubated in an 
atmosphere of air. 

Serine was tested as a source of formate“ in the formation of CF from 
PGA by the resting cells, in view of the very considerable body of evidence 
that the g- carbon of serine can serve as a source of formate or its biological 
equivalent in syntheses in which the l-carbon fragment is utilized. The 
results (Table IV) indicated that serine was as effective as formate in the 
synthesis of CF from PGA, but none of the other amino acids tested gave 
results in the same range as those yielded by serine. The finding that 
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glycine was inactive is of particular interest, since it is known that the 
a-carbon of glycine can give rise to formate in certain biological systems. 
In separate experiments, vitamin Bu, either in the presence or absence of 
7 
III 
Effect of Air or Nitrogen Atmosphere on Enzymatic Formation of CF by Resting Cells 
of S. faecalis A 
Each flask contained 10 mg. of bacterial cells + 25 mg. of formate + 1 of PGA 
+ additions indicated + buffer at pH 6.5 to 3 ml. 


CF formed 
Flask No. Conditions of experiment 
Experiment 1 | Experiment 2 
Flask incubated in air 437 115 
2 „ + 5 mg. ascorbate 668 198 
flask 
3 Flask incubated in nitrogen 625 170 
4 40 40 10 40 + 5 mg. as- 687 200 
corbate per flask | 
Tasie IV 
Effect of Formate or Amino Acids on Enzymatic Formation of CF by Resting Cells of 
S. faecalis A 


Each flask contained 10 mg. of bacterial cells + 5 mg. of ascorbic acid + 1 ¥ of 
PGA + additions indicated + buffer at pH 6.5 to 3 ml. 


Fs 2 * Addition — 
1 None 100 11 | 0.05 mu Dleueine 225 
2 | 0.1 m formate 425 12 | 0.05 “ pti-methionine 162 
3 | 0.05 mM pL-serine 412 13 | 0.05 “ L-proline 112 
4 |0.05 “ glycine 112 14 | 0.05 “ pt-phenylalanine 110 
5 | 0.05 “ pt-alanine 117 | 15 | 0.05 “ pt-lysine 225 
6 | 0.05 “ pt-aspartic acid 187 | 16 | 0.05 “ L-tyrosine | 95 
7 | 0.05 “ L-arginine 110 17 | 0.05 “ pt-threonine 182 
8 0.05 “ Leystine 53 18 0.05 “ pL-tryptophan 68 
9 0.05 “ 1.-glutamic acid 135 19 0.05 valine 28 
10 0.05 “ pt-isoleucine 80 | 


a source of formate (either formic acid or serine), had no demonstrable 
effect on CF synthesis. 

Since both a reducing agent and a source of formate were required by the 
bacterial cells for maximal formation of CF from PGA, it was of interest to 
study certain reduced or formylated derivatives of PGA as precursors of 
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CF to learn whether the conditions for CF synthesis would now be altered. 
The compounds selected for study were 10-formylpteroylglutamic acid, 
tetrahydropteroylglutamic acid, and anhydroleucovorin-A, an acid trans- 
formation product of leucovorin in which the formyl group is bridged 


Tasie V 
Folic Acid, 10-Formylpteroylglutamice Acid, Tetrahydropteroylglutamic Acid, and 
Anhydroleucovorin-A As Precursors of CF in Enzymatic Formation of CF 
by Resting Cells of S. faecalis A 
Each flask contained 8 mg. of bacterial cells + the additions indicated + buffer 
at pH 6.5 to 3 ml. 


Additions to flasks 
Flask No. Cf formed 
= me Folic acid derivative added 
1 om om None 0.4 
2 — — 1 y pteroylglutamic acid 15 
3 + 1 383 
4 + — 1 46 oe 46 185 
5 — + 1 é 146 16 663 
6 — — 1 “ 10-formyl-PGA 26 
7 om — 1 * 10 442 
— an 1 oe 10 218 
10 — — 0.7 y tetrahydro- PGA“ 8 
11 — + 0.7 “ = 95 
— 0.7 “ 55 
+ 0.7 “ 315 
ee — — 1 anhydroleucovorin-Af 31 
15 am of 1 10 16 450 
17 | + 1 1 10 sé 625 


» Prepared and handled with the precautions previously described (11). 
t Acid degradation product of CF (see the text). 


between the N-5 and N-10 positions (9). It was found, as is illustrated in 
Table V, that all three of these compounds were utilized by the cells as 
precursors of CF, but the somewhat surprising finding was that, when these 
compounds were used as substrates, in every instance both a reducing agent 
and formate were still required for maximal formation of CF. Thus when 
10-formylpteroylglutamic acid was the substrate, formate was needed, while 
in the presence of tetrahydropteroylglutamic acid a reducing agent was 
still required. Even in the case of anhydroleucovorin-A (9), which could 
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be visualized as yielding CF by the addition of water and opening of the 
imidazoline ring, both reducing agent and formate were required for a 
good yield of CF. Since these compounds were utilized interchangeably 
with PGA as substrates for CF synthesis in the system tested, it is possible 
that 10-formylpteroylglutamic acid, tetrahydropteroylglutamic acid, and 
anhydroleucovorin-A are first converted to PGA by the cells before CF 
synthesis occurs. This hypothesis is rather difficult to reconcile, however, 
with various microbiological and animal studies which have demonstrated 
that 10-formylpteroylglutamic acid (10), tetrahydropteroylglutamic acid 
(11), and anhydroleucovorin (12) are more active in reversing the toxic 
manifestations of folic acid antagonists than is PGA itself, from which it 
has been generally inferred that the three compounds are more closely 
related to the actual folic acid coenzyme (presumably CF or a derivative 
of it) than to PGA. 


DISCUSSION 


Several reports have appeared indicating an essential réle for a reducing 
agent in the formation of CF or in the liberation of CF from its conjugates. 
Nichol and Welch noted that either ascorbic acid or glucoascorbic acid 
favored the formation of CF from PGA by rat liver slices (1) and that 
aerobic conditions slowed the reaction (13). In the present study it was 
found that a wide variety of reducing agents or anaerobic conditions (nitro- 
gen atmosphere) favored CF formation (Tables II and III). Hill and 
Scott (14) have recently reported that ascorbic acid increases the liberation 
of CF from its conjugated form in chicken liver, from which they have 
concluded that ascorbic acid may activate a CF conjugase present in 
chicken liver. In a similar study Chang (15) noted that a reducing en- 
vironment was essential for maximal liberation of CF during digestion of 
various animal livers. 

Studies with growing cells of S. faecalis (16, 17) or resting cells (18) have 
established that PGA is essential for the synthesis of serine. The studies 
of Lascelles and Woods (18) together with the observations of Plaut et al. 
(19) that tissues of PGA-deficient rats are deficient in their ability to incor- 
porate formate into serine have led to the suggestion (18) that PGA may 
function in S. faecalis to catalyze the condensation of glycine with a 
l-carbon fragment to yield serine. The present investigation indicates 
that under appropriate conditions CF is formed from PGA and serine (or 
formate), thus suggesting a mechanism whereby the 1-carbon fragment is 
made available for biosynthesis in reactions involving folic acid. The 
yield of CF, in terms of PGA, was as high as 69 per cent in some of the 
experiments. Whether it is the 8-carbon atom of serine that is transferred 
to PGA to form CF will require further experimentation involving tracer 
techniques. 
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The finding that S. faecalis A, an organism resistant to Amethopterin, 
has a highly efficient enzyme system for converting PGA to CF, in contrast 
to the parent strain of S. faecalis (Table I), may be of significance in the 
study of the problem of clinical resistance to antagonists of folic acid (20). 
Thus in the present instance it appears that during the process of becoming 
resistant to Amethopterin S. faecalis is stimulated to produce enzymes 
markedly efficient in synthesizing CF, a metabolite capable of reversing the 
action of Amethopterin (21). 


SUMMARY 


1. The enzymatic formation of citrovorum factor (CF) from pteroyl- 
glutamic acid (PGA) by resting cells of Streptococcus faecalis and a strain 
of S. faecalis resistant to 4-amino-10-methylpteroylglutamic acid was stud- 
ied. 
2. A maximal yield of CF from PGA was dependent both on the presence 
of reducing conditions and a source of “formate.” The resistant strain of 
S. faecalis was far more efficient in forming CF than was the parent strain. 
The requirement for reducing conditions could be met by a number of 
reducing agents or by incubation of the cells in an atmosphere of nitrogen. 
The requirement for formate could be met by serine. 

3. 10-Formylpteroylglutamic acid, tetrahydropteroylglutamic acid, and 
anhydroleucovorin-A could also serve as precursors of CF in the presence 
of a reducing agent and a source of formate. 
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SERINE PHOSPHORIC ACID FROM DIISOPROPYLPHOS- 
PHORYL CHYMOTRYPSIN * 


By NORWOOD K. SCHAFFER, STEPHEN C. MAY, In., anp 
WILLIAM H. SUMMERSON 
(From the Enzyme Chemistry Branch, Chemical Corps Medical Laboratories, 
Army Chemical Center, Maryland) 


(Received for publication, October 27, 1952) 


Diisopropyl fluorophosphate (DFP) is known to be a potent and specific 
irreversible inactivator of cholinesterase (2) and other esterases (3, 4). 
Kaufman et al. (5) found that chymotrypsin, iu addition to its proteolytic 
activity, could also function as an esterase. Jansen et al. (6) showed that 
a-chymotrypsin was inactivated by DFP. With less than stoichiometric 
amounts of this agent, the esterase and endopeptidase activities were de- 
creased to the same extent. Jansen and Balls (7) found that 8- and - 
chymotrypsins were also inactivated by DFP. The esterases firmly bind 
the phosphorus of DFP (8-12) and in the case of chymotrypsin the reaction 
is bimolecular, yielding a crystalline derivative containing two isopropoxy 
groups and 1 atom cf phosphorus per protein molecule (13, 14) but no 
fluorine (14). Hence the name diisopropylphosphoryl chymotrypsin” 
(DPChtr) is proposed for this derivative. 

We have investigated the nature of the combination between chymotryp- 
sin and DFP with P®-labeled DFP. After partial hydrolysis of DPChtr 
and fractionation of the hydrolysate by chromatography on an ion exchange 
resin, L-serine phosphoric acid has been obtained as a major degradation 
product. This finding is discussed in relation to the nature of the reaction 
between DFP and the enzyme. 


EXPERIMENTAL 


I. Labeled DPChtr—1 gm. of crystalline chymotrypsin! (Worthington) 
was dissolved in 27 ml. of water in a glass-stoppered Erlenmeyer flask. 3 
ml. of 1 M phosphate buffer, pH 7.3, were added, followed by 34 ml. of P*- 
labeled DFP,? approximately a 5-fold excess. The flask was shaken to 


* Presented in part at the Forty-third annual meeting of the American Society 
of Biological Chemists at New York (1). 

This material had an activity of 0.30 m.eq. per minute per gm. according to the 
method of Jansen and Balls (7). 

* This was obtained commercially with an initial specific activity of about 10 me. 
per mu and a purity of 80 per cent or better. The determination of purity was based 
on the rate and extent of reaction with chymotrypsin and with standardized cholin- 
esterase preparations and was kindly carried out by Dr. H. O. Michel of this labo- 
ratory. 
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dissolve the DFP and allowed to stand for 30 minutes at room temperature. 
Solid ammonium sulfate was added until all the protein was precipitated. 
The precipitate was recovered by centrifugation and dissolved in 15 ml. of 
0.01 n sulfuric acid. The salting-out was repeated twice to dispose of most 
of the P not bound to protein. The precipitate was dissolved in 25 ml. 
of water and dialyzed against deionized water overnight at 4°, followed by 
further dialysis for 24 hours against running cold distilled water. The 
dialyzed protein solution was centrifuged and the supernatant fluid was 
lyophilized. Assuming an average molecular weight of chymotrypsin of 
25,000 (a figure in agreement with other estimations (7)), the specific 
radioactivity of the preparation was equivalent to a combination of 1 
phosphorus atom per mole of chymotrypsin. 

Non-Radioactive DPChir— This preparation differed from the radioactive 
one only in that an approximately 20-fold excess, i.e. 136 mg. of DFP 
(Merck), was added to 1 gm. of chymotrypsin and the salting-out was 
omitted. 


Partial Hydrolysis of DPChtr—Two methods of partial hydrolysis f 


DPChtr were used with similar results. Method 1, which was followed in 
most of the work presented here, involved successive proteolysis with pepsin 
and trypsin, as described below, followed by acid bydrolysis. In Method 2, 
acid hydrolysis only was employed. This method decreases the amount of 
peptide impurity that accompanied the serine phosphoric acid in the sub- 
sequent chromatographic separation. 

Peptic Digestion—With small preparations, a solution of 0.1 per cent 
DPChtr in 0.1 & HCl was digested with 1/30 volume of 0.1 per cent crys- 
talline pepsin (Armour) dissolved in 0.2 & HCl at room temperature for 
18 to 24 hours. In 1 to 1.5 gm. preparations, the range of concentration 
of DPChtr was 0.47 to 0.60 per cent, the acidity 0.105 to 0.113 X HCl, and 
14 mg. of solid pepsin per gm. of DPChtr were dissolved in the solution. 
On the 2nd day another addition of pepsin, equal to half of the first amount, 
was made and the digestion was allowed to proceed for 1 to 3 more days 
until the soluton no longer gave a precipitate with an equal volume of 10 
per cent trichloroacetic acid. 

Tryptic Digestion—The peptic digest was brought to pH 8.0 with NaOH 
and 7 mg. of crystalline trypsin (Armour) per gm. of original DPChtr were 
dissolved in the solution, which was preserved with toluene. After stand- 
ing at room temperature for 1 to 4 days one-half of the first amount of 
trypsin was added. The digestion was continued for 1 to 7 days until the 
solution gave practically no precipitate with an equal volume of 30 per cent 
trichloroacetic acid. 

Acid Hydrolysis—In Method 1 this was carried out at an original DPChtr 
concentration of 0.1 to 0.7 per cent in preparations containing 0.25 gm. of 
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protein or less, and 1.5 to 1.8 per cent in larger preparations. The en- 
zymatic digest was acidified and concentrated by evaporation in an air 
stream or in vacuo. HCl was added to a concentration of 2 N and the 
hydrolysis was carried out at 100° for 10 hours. In Method 2 the DPChtr 
in a concentration of 0.4 per cent was hydrolyzed in 2 N HCl at 100° for 18 
hours. 

Dowex 50 Chromatography—The method was similar to that of Stein and 
Moore (15) for amino acid chromatography except that 0.05 n HCl was 
used as the eluent unless otherwise noted. Dowex 50 (250 to 500 or 200 
to 400 mesh) was extracted about six times with an equal volume of 6 N 
HCl or until the extract was colorless. It was then washed several times 
with distilled water, the very fine particles being separated at the same time 
by decantation, and was finally washed several times with 0.05 N HCl. 
Enough of the purified resin was taken to make a column 100 cm. long. 
A slurry of the resin in 0.05 x HCl was poured into a column 110 em. long 


with an extension to accommodate the entire volume. It was placed under 


an air pressure of 15 cm. of mercury until the resin had completely settled. 
A column 0.83 em. in diameter was used for preparations up to 140 mg. and 
a column 2.6 cm. in diameter was used for larger preparations up to 1.8 
gm. Samples, dissolved in 0.05 N HCl, were added to the small column in 
a 2 ml. volume and to the large column in a 4 to8 ml. volume. Filtration 
was carried out under gravity or sufficient air pressure to give a flow rate of 
about 6 ml. per hour with the smaller columns and 70 ml. per hour with the 
larger columns. Fractions 2 ml. in volume were collected from the small 
column and 3 to 5 ml. in volume from the large column with an automatic 
fraction collector. When the specific activity was sufficiently high, the 
location of the radioactive peaks was determined by directly monitoring 
the fractions in test-tubes. For counting, the fractions were evaporated to 
dryness in planchets of I in. diameter under an infra-red lamp, or with an 
air stream when heat was undesirable. 

Paper Chromatography—Two-dimensional paper chromatograms were 
prepared with the reagents of Block (16) by the capillary ascent method of 
Williams and Kirby (17). Four stapled 9 in. square Whatman No. | filter 
papers were used in a 2 or 3 gallon battery jar. About 100 ml. of the 
phenol and lutidine reagents were taken. With phenol 7 ml. of 0.3 per 
cent ammonia and 5 ml. of 2 per cent sodium cyanide were present in small 
beakers in the jar. With lutidine the same amount of cyanide and several 
drops of diethylamine were present. 

Analytical Methods Serine was determined by microbiological assay 
with a serine-requiring strain of Lactobacillus casei. Colorimetric phos- 
phorus determinations were carried out by the method of Fiske and Subba- 
row (18). Nitrogen was determined by the micro-Kjeldahl method. 
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Results 


Dowex 50 Chromatography of Partially Hydrolyzed DPChir—When en- 
zymatic digests were passed through a Dowex 50 column, a fast moving 
phosphorus fraction containing 25 per cent of the total added phosphorus 
was recovered. Further phosphorus was removed slowly when the HCl 
concentration of the eluent was raised successively to 0.5 N and to 4 Nn. 
The HCl hydrolysate obtained by either Method 1 or 2 gave two main 
phosphorus-containing fractions (Fig. 1), which accounted for about 50 
and 30 per cent, respectively, of the added phosphorus. Two other frac- 
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Fic. 1. Dowex 50 chromatogram of partial hydrolysate of diisopropylphosphory! 
chymotrypsin. 400 mg. of DPChtr hydrolyzed by Method 2, 84.3 per cent of phos- 
phorus recovered. 200 to 400 mesh resin in hydrogen form. Column 2.6 X 100 cm. 
Eluent 0.05 N hydrochloric acid. Filtration under gravity with a flow rate of 60 
ml. per hour. 


tions of about 1 per cent each were located on either side of the second 
main fraction. These are not shown in Fig. 1 and are under investigation. 
The first phosphorus fraction was found to be orthophosphoric acid by 
colorimetric analysis, and when Px. labeled orthophosphoric acid was chro- 
matographed with the HCl hydrolysate only this first fraction was in- 
creased. Diisopropylphosphoric acid, a possible phosphorus-containing 
split-product of DPChtr, was shown to be completely hydrolyzed under 
the conditions of acid hydrolysis. 

Nature of Second Phosphorus Fraction from Dowex 50 Chromatography— 
Paper chromatograms of parts of the second phosphorus fraction from 1.5 
gm. preparations according to Method 1 gave a single ninhydrin spot with 
but slight movement from the origin in both the phenol and lutidine sol- 
vents. The radioactivity coincided with the purple color. The methanol 
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solvents of Bandurski and Axelrod (19) likewise gave a single spot with 
practically no movement in the acid direction but considerable movement 
in the alkaline direction (Fig. 2, A). When a solution of 36 per cent ethyl 
alcohol and 3 per cent ammonia was substituted for the alkaline solvent, a 
more intense spot with an R. of 0.59 was obtained. Samples at various 
parts of the second phosphorus fraction were hydrolyzed further with 6 N 
HCl at 100° for 24 hours in order to determine its amino acid composition. 
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Fic. 2. Paper chromatograms. X indicates the position of the radioactivity. 
A, second phosphorus fraction; B, second phosphorus fraction after complete hy- 
drolysis; C, serine; D, second phosphorus fraction after complete hydrolysis plus 
serine; E, serine phosphoric acid; F, second phosphorus fraction plus serine phos- 
phoric acid. 


The material thus obtained from center cuts of the fraction gave a single 
ninhydrin spot (Fig. 2, B), while the radioactivity remained at the origin. 
P®-labeled orthophosphoric acid also did not move under these conditions. 
The hydrolyzed material from the first half of the fraction showed pre- 
dominantly the same spot, but three to five other very faint spots were also 
present; material from the second half showed the same predominant spot 
as the sole component or one accompanied by three very small additional 
spots. These secondary spots represent a peptide impurity, since they are 
not present before hydrolysis. Analysis of the second phosphorus fraction 


When synthetic serine phosphoric acid was completely hydrolyzed, a faint spot 
was obtained to the left of the serine spot; this secondary spot, which has also been 
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obtained by Method 2 of partial hydrolysis gave similar results. Before 
complete hydrolysis the fraction gave a single spot at the origin. After 
complete hydrolysis the fraction showed the same predominant. spot as was 
found with Method 1 and five very faint other spots. 

When the unhydrolyzed fraction was rechromatographed on the anion 
exchange resin Dowex 2 (chloride form) with 0.002, 0.005, and 0.01 Mu HCI, 
the secondary spots were still present after complete hydrolysis. When 
the formate form of Dowex 2 with 0.1 and 1 m HCOOH as eluents (20) was 
used and the fraction was hydrolyzed, the secondary spots were absent. 
The unhydrolyzed fraction did not react with ninhydrin, indicating the 
formation of a formyl! derivative. 

Since the predominant spot of the hydrolyzed material was in the general 
region of glycine, serine, and threonine, 80 per cent pyridine was substituted 
for lutidine because this solvent achieves better resolution of these amino 
acids (21). The chromatogram of serine is shown in Fig. 2,C. A mixture 
of the hydrolyzed material with either glycine or threonine gave two spots, 
but that with serine gave only one spot (Fig. 2, D). 

Identification of Second Phosphorus Fraction with Serine Phosphoric Acid 
—The above results suggested that the second main phosphorus fraction 
was serine phosphoric acid. Authentic serine phosphoric acid gave a chro- 
matogram similar to that of the second phosphorus fraction with the phenol 
and lutidine solvents or with the methanol solvents (Fig. 2, E). A mixture 
of the fraction with serine phosphoric acid gave a single spot (Fig. 2, F). 

A sample from the first half of the second phosphorus fraction in a 
preparation by Method 1 contained 3.2 y of nitrogen and 8.4 y of phos- 
phorus, giving a N:P ratio of 0.85. In the second half of the same fraction 
a sample contained 3.94 y of nitrogen and 8.4 y of phosphorus, giving a 
N:P ratio of 1.0, the expected value for serine phosphoric acid. 

L-Serine was determined by microbiological assay on a sample from the 
center of the second phosphorus fraction after complete hydrolysis in a 
preparation by Method 2. The sample contained 5.6 y of phosphorus and 
was found to contain 16 v of serine. On the basis of a 10 per cent destruc- 
tion of serine during the hydrolysis in 6 Nn HCl (22), this gives a molar 
serine to phosphorus ratio of 0.94. 

If the second phosphorus fraction was identical with serine phosphoric 
acid, both should give the same Dowex 50 chromatogram. An entire 
second phosphorus fraction containing 13 y of phosphorus and 324,500 
e. p. m. was mixed with 4.2 mg. of serine phosphoric acid and chromato- 
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observed with th the second phosphorus fraction, is undoubtedly due toa decomposition 
product of serine phosphoric acid. It is not obtained when serine is subjected to the 
acid hydrolysis procedure. It is not ethanolamine, but the possibility that it may 
be ethanolamine phosphate has not been excluded. 
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graphed. The radioactive phosphorus of the fraction coincided exactly 
with the phosphorus of the added serine phosphoric acid as determined 
colorimetrically (Fig. 3). 

The second phosphorus fraction could not be distinguished from serine 
phosphoric acid on fractional precipitation. A part of the fraction, weigh- 
ing 0.3 mg. and containing 23,140 c.p.m., was mixed with 22.8 mg. of serine 
phosphoric acid and dissolved in 1 ml. of water. 1.5 ml. of 95 per cent 
alcohol were added, resulting in a 74 per cent precipitation of the serine 
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Fic. 3. Dowex 50 chromatogram of a mixture of radioactive second phosphorus 

fraction plus serine phosphoric acid. 250 to 500 mesh resin. Column 0.83 X 100 


em. Eluent 0.05 x hydrochloric acid. Fraction size 2 mi. Flow rate 6 ml. per hour. 


phosphoric acid. The specific activities of the original mixture, precipitate, 
and supernatant fluid in counts per minute per mg. were 1012, 992, and 
998, respectively. The melting point of the precipitate was the same as 
that of serine phosphoric acid, i.“, 167-168° (decomposition). 

In another experiment a part of the second phosphorus fraction contain- 
ing 3330 c.p.m. was mixed with 19 mg. of serine phosphoric acid and neu- 
tralized with saturated barium hydroxide. It was heated to boiling and a 
precipitate amounting to 36 per cent of the phosphorus was separated. 
The supernatant fluid was precipitated with excess 95 per cent alcohol, 
giving a fraction amounting to 30 per cent of the phosphorus. The specific 
activities of the heat precipitate and alcoholic precipitate in counts per 
minute per mg. of phosphorus were 988 and 1040, respectively. 
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Synthetic serine phosphoric acid is known to be phosphorylated on its 
hydroxyl group (23). Hence the finding of serine phosphoric acid as a 
degradation product of DPChtr identical in properties with the synthetic 
material suggests that DFP may react directly with a hydroxyl group of a 
serine residue in chymotrypsin. However, assuming a molecular weight 
of 25,000 for chymotrypsin, there are apprcximately 27 serine residues in the 
enzyme. The fact that most proteins regardless of their serine content do 
not react with DFP makes it evident that in chymotrypsin only 1 of these 
residues is in a particularly reactive state toward DFP, presumably because 
of some as yet unknown configuration of amino acids in its vicinity. This 
configuration may well represent the “active center” of the enzyme (24). 
Work is in progress to elucidate the structures of the molecule adjacent to 
the reactive serine moiety. 

The possibility exists that DFP may react with some other group before 
it becomes bound to the serine hydroxyl group. For example, although 
DFP and its more reactive analogue, diisopropyl chlorophosphate (DCIP), 
do not react with free serine (25), the latter agent readily phosphorylates 
serine methyl ester on its amino group in organic solvents (25). Likewise 
DCIP has been shown to phosphorylate imidazole (26). In contrast to 
serine phosphoric acid, both the N-phosphorylated products are labile to 
acid and alkali and would be destroyed under the conditions used for the 
isolation of serine phosphoric acid. It is tempting to link these model 
reactions with the recent finding of Weil and Buchert (27) that when 
chymotrypsin is photooxidized the loss of enzymatic activity parallels the 
destruction of a histidine and tryptophan residue. The photooxidized 
product no longer reacts with DFP.‘ 

The possibility that serine phosphoric acid might be an artifact, produced 
by a synthesis involving diisopropylphosphoric acid during the partial 
hydrolysis, appears to be precluded, because, when a mixture of diisopropyl- 
phosphoric acid and chymotrypsin is subjected to the hydrolysis procedure, 
no serine phosphoric acid is formed. 

Evidence that the phosphory] serine residue is not nitrogen-terminal in 
DPChtr is the finding that chymotrypsin can be oxidized with an excess of 
periodate and still retain about half of its activity (14) and all of its DFP- 
combining property.® 

It is of interest that the same phosphoryl serine linkage is the only 
phosphorus linkage found in the naturally occurring phosphoproteins, 
casein (28, 29) and vitellin (30). 


4 Personal communication from Dr. L. Weil. 
Personal communication from Dr. H. O. Michel. 
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The reaction product of diisopropyl fluorophosphate and chymotrypsin, 
diisopropylphosphoryl chymotrypsin, was partially hydrolyzed by pepsin, 
trypsin, and 2 * HCl or directly with 2 N HCl. 1-Serine phosphoric acid 
was obtained in 30 per cent yield from the hydrolysate by fractionation 
with Dowex 50 chromatography. The product has a nitrogen to phos- 
phorus ratio of 0.9 to 1.1, contained 1 mole of serine per atom of phos- 
phorus, and could not be distinguished from authentic serine phosphoric 
acid by paper chromatography, Dowex 50 chromatography, or fractional 
precipitation. 


The authors wish to express their appreciation to Dr. T. L. McMeekin 
of the Eastern Regional Research Laboratory and to Mr. J. J. O’Neill for 
samples of synthetic serine phosphoric acid, to Dr. B. J. Jandorf for help 
in preparation of the manuscript and for our earlier preparations of diiso- 
propylphosphoryl chymotrypsin, to Dr. T. Wagner-Jauregg for collabora- 
tion in the fractional precipitations, and to Mrs. Dorothy V. Johnson for 
the microbiological analysis of serine. 
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THE EFFECT OF SOME DIETARY ADDITIONS ON THE 
SYNTHESIS OF CHOLESTEROL FROM ACETATE 
IN VITRO* 


Br ROBERT G. LANGDONt anp KONRAD BLOCH 
(From the Department of Biochemistry and the Institute of Radiobiology and Bio- 
physics, University of Chicago, Chicago, Illinois) 
(Received for publication, November 17, 1952) 


In a previous report from this laboratory, it was demonstrated that the 
hydrocarbon squalene is synthesized from acetate by mammalian tissues 
both in vivo and in vitro (1). At the same time a rapid and specific con- 
version of biosynthetically labeled squalene to cholesterol was shown to 
occur in the intact mouse (2). It was therefore postulated that squalene 
is an intermediate in the biosynthesis of steroids. Contributory evidence 
for this relationship was found in the observation that the prior feeding 
of squalene resulted in a marked depression of the rate at which acetate 
was subsequently incorporated into cholesterol by isolated liver. Taylor 
and Gould (3) had earlier reported that the acetate-cholesterol conversion 
in surviving liver is greatly impaired by the previous feeding of cholesterol 
itself. It appeared that these findings could be made the basis for a tech- 
nique which would permit the screening of compounds suspected of being 
intermediates in cholesterol synthesis. Some experiments employing this 
approach have been carried out and are reported in this paper. Of the 
various compounds tested, 7-dehydrocholesterol and A’-cholestenol were 
found to inhibit the acetate-cholesterol conversion as strongly as choles- 
terol or squalene. Data are included for various other compounds which 
were considered to be of interest in this connection, but which gave neg- 
ative results. 


EXPERIMENTAL 


Materials Natural squalene was a commercial product! from shark 
liver oil, redistilled and boiling at 169-173“ at 0.01 mm. Squalene,“ 
the double bond isomer of natural squalene (2), was obtained upon treat- 
ment of squalene hexahydrochloride with pyridine. A sample of A’-cho- 
lestenol (lathosterol) was kindly supplied by Professor Louis F. Fieser, 


* This work was supported by a grant-in-aid from the Life Insurance Medical 
Research Fund. 
t Postdoctorate Research Fellow of the National Institute of Arthritis and Met- 
abolic Diseases. 
' Kindly supplied by Dr. Stanley Ames, Distillation Products, Inc. 
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and another sample was prepared in this laboratory by the catalytic hydro- 
genation of 7-dehydrocholesterol acetate (4). A generous sample of 7- 
dehydrocholesterol acetate was obtained from Dr. Roland Kapp of the 
Nopco Chemical Company. Lanosterol, the Cy-sterol from wool fat (5), 
was obtained through the courtesy of Dr. R. H. D. Barton of the Uni- 
versity of London. Farnesol, a sesquiterpene alcohol, was a commercial 
preparation from Firmenich, Inc. The coprosterol was a sample from 
the collection of the late Dr. R. Schoenheimer. Ergosterol was a com- 
mercial product from Mead Johnson and Company. 

Feeding Experiments—Female rats of the Sprague-Dawley strain weigh- 
ing from 60 to 200 gm. were fasted for 24 hours and were then fed 1 gm. of 
stock diet per 10 gm. of body weight per day. The stock diet had the 
following composition: casein 20 per cent, corn-starch 70 per cent, brewer’s 
yeast 5 per cent, Salt Mixture 2, U.S. P., 5 per cent. In addition, each 
animal received 1 drop of Poly-Vi-Sol (Mead Johnson and Company) 
and 0.7 gm. of corn oil mixed with the daily diet. On the 2nd and 3rd 
days of the feeding period, the various sterols and terpenes were dissolved 
in the corn oil of the diet. They were administered at a level of 1 mg. per 
gm. of body weight per day. The animals were sacrificed by cervical frac- 
ture and exsanguination 12 hours after the last feeding. 

Liver Slice Incubations—From each animal 1.5 gm. of liver slices were 
prepared by free-hand slicing. The tissue was incubated at 37° for 2 
hours in 125 ml. flasks containing 10 ml. of Krebs’ phosphate buffer, pH 
7.4, and 5 mg. of 1-C"-potassium acetate. The gas phase was oxygen. 

Isolation Procedures—Following incubation, 40 ml. of ethanol and 5 
gm. of KOH were added to each incubation flask, and the mixture was 
heated under a reflux in a stream of nitrogen for 4 hours. The non-sapon- 
ifiable and fatty acid fractions were separated in the conventional manner. 
Cholesterol was precipitated as the digitonide from a solution of the non- 
saponifiable fraction in 90 per cent ethanol. 

Colorimetric Determination of Cholesterol, . Cholestenol, and 7-Dehydro- 
cholesterol—The digitonides were analyzed by the method of Moore and 
Baumann (6). In this modified Liebermann-Burchard reaction, A’-cho- 
lestenol and 7-dehydrocholesterol give maximal color in 14 minutes, while 
cholesterol reacts more slowly. This method allows the simultaneous de- 
termination of cholesterol and of the sum of A’-cholestenol and 7-de- 
hydrocholesterol in the same digitonide sample. 

Isotope Analyses—The cholesterol digitonides were plated directly on 
aluminum cups and their radioactivities determined in a gas flow counter. 
The values given in Table I are calculated for free cholesterol from the 
activity of the digitonides. The free fatty acids were counted as infinitely 
thin samples. In both cases empirical correction factors were determined 


fre 
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to convert the activities of the materials counted as such to the activities 
they would have as infinitely thick BaCO, samples. 


Tant 


Composition and Isotope Concentrations of Liver Lipides 


Sterol digitonide | Fatty acids 
1.5 “Fast acting” be fooot Mg. per 1.5 RIC 
+ | sterols® — | br. X 1000 
Control: 88 | 0.6 | 126 35.8 1040 
Squalene 15.8 2 29.3 545 
16 2 208 
Cholesterol 15.4 0.5 5 600 
Cholestenol 19.4 0.7 3 74.7 610 
| 12.0 16 CC 5 48.9 710 
3.3 8 64.6 1080 
“ 16.8 1.8 10 35.2 890 
7-Dehydro- 10.8 1.4 | 9 38.6 1160 
cholesterol 
“ 13.1 4 48.3 1010 
“ 16.2 6 49.0 605 
a 12.7 2.4 7 37.8 325 
Lanosterol 1 2.0 199 
Coprosterol 8.5 0.4 129 48.7 339 
Ergosterol 9.4 0.8 195 745 
“Squalene” 899 | 104 
Farnesol 8.0 2.32 157 
10 | 9.9 4 
None 8.5 0.6 83 1400 
10 | 7.4 0.7 166 39.9 1415 
“ u. | 69 30.9 810 
00 | 7.7 | 134 
a 10.9 0.5 100 36.5 1150 
“ | 210 424 
* 6.9 | 126 


This includes the sum of A’-cholestenol and 7-dehydrocholesterol (6) as per 


cent of total sterols. 


specific activity of cholesterol or fatty acids X 100 


t RIC = 


specific activity of acetate 


t Average of the control values at the bottom of the table. 


RESULTS AND DISCUSSION 


Table I contains data on the utilization of acetate carbon by liver slices 
from control animals and from animals which had received various ad- 
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ditional compounds in the diet for 2 days. When squalene, cholesterol, 
A’-cholestenol, or 7-dehydrocholesterol had been fed, acetate was incor- 
porated into cholesterol at a rate markedly slower than that found in liver 
slices from control animals. On the other hand, the rate of isotope in- 
corporation into the fatty acids, although reduced in some cases, was in 
the same experiments affected to a much smaller degree. The reduced 
rate of the acetate-cholesterol conversion cannot, therefore, be attributed 
to dilution of labeled acetate or to a generalized interference with acetate 
utilization. It may further be noted that squalene and those sterols which 
are effective in depressing the formation of labeled cholesterol also cause 
a moderate to marked rise in the total quantity of digitonin-precipitable 
material. 

All of the compounds which are active in the present test have in the 
past been associated in some manner with cholesterol metabolism. Evi- 
dence for the conversion of squalene to cholesterol has been cited. For 
7-dehydrocholesterol, balance studies have indicated a reversible trans- 
formation to cholesterol in the intestinal tract (7), and this provitamin 
is known to occur in some tissues, notably skin (8). A-Cholestenol has 
been found by Fieser (9) to accompany cholesterol in most tissues, and 
relatively large amounts of this sterol have been demonstrated by Idler 
and Baumann (10) in rat skin. ) 

The finding that squalene, 7-dehydrocholesterol, and A’-cholestenol have 
the same net effect on the acetate-cholesterol conversion as cholesterol 
itself raises the question of whether the mechanism responsible for this 
depression is identical in all cases. In order to determine whether the 
increase in hepatic digitonin-precipitable material caused by steroid feed- 
ing was due to extra cholesterol or to the deposition of the administered 
compounds as such, the composition of the digitonides was determined 
by the method of Moore and Baumann (6). As is shown in the third 
column of Table I, the percentage of A’-cholestenol and 7-dehydrocho- 
lesterol was only slightly increased, and more than 97 per cent of the 
digitonin-precipitable material could be accounted for as cholesterol. 
Therefore this increase in the total quantity of digitonide must be due to 
the accumulation of cholesterol. 

The feeding of cholesterol leads both to extrahepatic cholesterol and to a 
severe depression of the rate of the acetate-cholesterol conversion. Since 
the feeding of A’-cholestenol, or 7-dehydrocholesterol likewise elevated 
the level of liver cholesterol, it appears reasonable to conclude that it is 
this increased cholesterol concentration which is responsible in these cases 
for the impairment of cholesterol synthesis from small molecules. 

In order to evaluate the specificity of the method, the effect of com- 
pounds which were deemed unlikely to be intermediates in cholesterol syn- 
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thesis was investigated. None of these substances, which are listed in 
the middle section of Table I, significantly depressed the biosynthetic 
rate, nor did they cause an increase in liver cholesterol. Of particular in- 
terest is the lack of effect observed with “squalene,” a structural isomer of 
the natural hydrocarbon (2, 11). This negative result is in accord with 
the previous finding that synthetic C™-“squalene” is not converted to 
cholesterol in vivo (2). The failure of this second group of compounds to 
exert an effect on hepatic cholesterol synthesis does not rigidly exclude 
their participation in this process, because it is not definitely known whether 
they are absorbed from the gastrointestinal tract. 

The ability to depress the total synthesis of hepatic cholesterol and at 
the same time to elevate the level of tissue cholesterol does not constitute 
direct evidence that a compound lies on the path of steroid biosynthesis. 
However, these are properties which would be expected of an intermediate. 
Thus, the technique described here should prove useful in the tentative 
identification of intermediates in steroid biosynthesis. 


SUMMARY 


1. Cholesterol synthesis from acetate was studied in liver slices from 
rats which had been fed various steroids and terpenes. 

2. Squalene, A’-cholestenol, 7-dehydrocholesterol, and cholesterol itself 
caused a marked reduction in the rate of the acetate-cholesterol conver- 
sion. This reduction in rate was accompanied in each case by a significant 
increase in the total quantity of liver cholesterol. 


The authors wish to thank Mr. E. Schubert for —s some of the 
colorimetric analyses. 
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OROTIC ACID IN MILK* 


By L. E. HALLANGER, J. W. LAAKSO, AND M. O. SCHULTZE 


(From the Division of Agricultural Biochemistry, University of Minnesota, St. Paul, 
Minnesota) 


(Received for publication, November 20, 1952) 


Other studies in this laboratory (1) drew our attention to the possibility 
that orotic acid might be concerned with the maintenance of adequate 
lactation in the rat and with the survival of the young. Since no data 
were available on the orotic acid content of milk, this study was under- 
taken. The occurrence of orotic acid as a component of milk has been 
indicated since 1904, when Biscaro and Belloni (2) isolated a previously 
unknown compound from liquors obtained in the manufacture of lactose. 
Because of its occurrence in whey (opoc) they named this compound orotic 
acid. Its correct structure as 1,2,3 ,6-tetrahydro-2 ,6-dioxo-4-pyrimidine- 
carboxylic acid was not determined until 1930 (3). More recently orotic 
acid has been isolated from a milk liquor concentrate (4) and from “de- 
lactosed whey” (5). In view of the history of the products from which 
orotic acid has been isolated in the past, it was possible that it might have 
been a product of microbiological fermentation in the milk. The isolation 
of orotic acid from fresh cow’s milk was therefore considered a necessary 
prerequisite to studies on its concenttation in the milk of cows and other 


species. 
EXPERIMENTAL 


Isolation of Orotic Acid After a preliminary trial with dried whey had 
yielded the desired product, orotic acid was isolated from fresh skim milk 
obtained from the University of Minnesota dairy herd. Microbiological 
assays for apparent orotic acid activity (6) were used to determine the 
yield obtained in the principal steps of the isolation procedure. The casein 
from 26 liters of fresh skim milk (total apparent orotic acid activity equiv- 
alent to 2.86 gm.) was precipitated by addition of 3.5 per cent hydrochloric 
acid to pH 4.6 at 34.5°. The whey was decanted through cheese-cloth and 
then heated with live steam to 93°. After standing overnight in the cold 
with toluene, the supernatant liquid (total apparent orotic acid activity 
equivalent to 2.7 gm.) was siphoned off and acidified to pH 3.0. The sub- 
sequent steps of the isolation involving adsorption on Norit A, fractional 
elution with sodium hydroxide, and precipitation of the sodium salt were 
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carried out as suggested by Huff et al. (5). Treatment of a solution of 
the crude sodium salt with hydrochloric acid and recrystallization of the 
product yielded 620 mg. of orotic acid. Data supporting the identification 
of the isolated compound with synthetic orotic acid prepared according to 
Nyc and Mitchell (7) are summarized in Table I. 

Microbiological Assay—-The medium and general procedure for the mi- 
crobiological assay with Lactobacillus bulgaricus 09 were those outlined by 
Wright et al. (6). The following modifications were adopted: the inocula 
for the assays were prepared by transferring one loop of a 24 hour-old 
culture in milk-tryptose to 10 ml. of sterilized basal medium to which 200 
y of orotic acid had been added; this culture was then incubated at 37° for 
24 hours, centrifuged, washed with sterile 0.9 per cent NaCl solution, and 
resuspended in sufficient sterile 0.9 per cent NaCl solution so that the sus- 


TABLE I 
Identification of Orotic Acid from Cou's Milk 
Ei Sn. 
Neutral 
— 
at 278 m- at 242 m 

| c C. 
Isolated from milk . 168 415 120 186.05 323 
325 


Synthetic orotic acidf... ..... 174* 420 120 16.10 


* Theoretical for orotic monohydrate, 174. 

t Procedure of Nye and Mitchell (7). 
pension had an absorbance of 0.1 when measured at 660 my in a 16 X 150 
mm. test-tube. 1 drop of this suspension of bacteria was added to a sterile 
solution containing 5 ml. of double strength medium plus 5 ml. of a suitable 
dilution of a standard orotic acid solution or of a milk filtrate; the assay 
tubes were then incubated at 37° for 40 hours and growth of the culture 
was determined turbidimetrically. A linear relation was found between 
the absorbance at 660 my of the culture and the concentration of synthetic 
orotic acid in a range of 10 to 70 y per tube. No growth could be detected 
in tubes which did not contain orotic acid. In thirteen specimens of cow’s 
milk to which orotic acid had been added in amounts approximately equal 
to those present in the milk the mean recovery was 97.9 per cent + 3.5. 

Milk filtrates were prepared by autoclaving a mixture of equal volumes 
of milk and of 0.1 m acetate buffer at pH 4.6 for 10 minutes at 15 pounds 
pressure. The resulting suspension was filtered, the precipitate washed 
with distilled water, and the combined filtrate and washings were adjusted 


Standard error of the mean. 
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to pH 5.7 with sodium hydroxide. To obtain clear filtrates from human 
milk it was found expedient to add to the milk, prior to treatment with 
buffer and autoclaving, an equal volume of a sol containing 52 mg. of 
“vitamin-free” casein per ml. Suitable aliquots of the milk filtrates thus 
prepared were used for analysis. If necessary, the filtrates can be concen- 
trated by evaporation; however, a salt concentration of more than 1 per 
cent NaCl inhibits the growth of the organism. 

The microbiological assay for orotic acid is not absolutely specific. Thus 
high concentrations of ureides and of urea have been reported (8) to sup- 
port growth of the test organism. Under our conditions increments of 
urea from 5 to 20 mg. per tube produced a linear growth response of the 


Tan II 
Orotic Acid in Cow’s Milk 
| Orotic acid in milk produced 
Change P value® 
Winter ration Pasture 
2 + per ml. 1 per ml. per cont 
700 86.1 + 2.87 (15)t 80.6 + 12.0t (5)t —6.4 >0.3 
705 91.4 + 4.7 (11) 95.8 + 4.8 (10) +4.8 >0.3 
706 93.6 + 7.4 (8) 121 + 9.8 (5) +29.3 <0.05 
707 77.0 + 3.5 (7) 90.8 + 5.1 (5) +17.9 <0.05 
708 63.9 + 3.0 (10) 85.7 + 9.7 (4) +34.1 <0.01 
probability that the change in ration affected the orotic acid content of the 
milk. 
Standard error of the mean. 
t Number of daily specimens analyzed 


organism equivalent to that observed with 5 to 20 y of orotic acid. The 
concentration of urea reported in the milk of women (9), cows (9, 10), and 
sows (11) is in the range of only 200 to 450 7 per ml. Nevertheless, assays 
which yielded turbidity readings equivalent to 5 y or less of orotic acid per 
tube were considered of doubtful significance. 


RESULTS AND DISCUSSION 


Hrotie Acid in Cow’s Milk—From the results summarized in Tables II 
and III and in Fig. 1, it is evident that the concentration of orotic acid, 
after the early stages of lactation, usually ranges between 50 and 100 + 
per ml. of cow’s milk. As indicated by the relatively high values for the 
standard errors of the mean, the orotic acid concentration was found to be 
subject to considerable variation in the milk of different individuals and to 
a lesser extent in consecutive daily specime us from the same individual 
collected in later stages of lactation. No indication was found for the 
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existence of striking differences of the orotic acid content of the milk of the 
Guernsey, Holstein, or Brown Swiss breeds of cows. An unusually low 
value of 22 y per ml. was found in the milk of one Brown Swiss cow. How- 
ever, the results obtained with the milk of other Brown Swiss cows fall 
within the range observed for the Guernsey and the Holstein breeds. The 


Tant III 
Orotic Acid in Milk 
Species Mean 21 Remarks 
1 per mi. 
Cow 105 | 2 Commercial bottled milk, mixed 
herds, cows on winter ration 
“ 78.9 + 17.1* 9 Specimens from individual cows, 
various breeds, on hay + grain 
+ silage ration 
70 89.1 + 8.2 8 Brown Swiss cows on grain + hay + 
pasture ration 
Sheep 324¢ + 35.3 9 Hampshire, Southdown, Shropshire 


ewes on grain + hay ration 


Goat 63.1 + 12.3 7 Mixed breeds, late stage of lactation 

Swine 5 (?) 5 Poland China, Duroc Jersey, Ches- 
ter White 

Horse 17.7 + 2.9 4t 2 Belgian mares, 1 saddle horse 

Man 7 (?) 6§ Individual values, 37, 3, 3, 0, 0, 0 

Rat 11 (?) 7 Stomach contents of young from 
mothers on orotic acid-free diet, 
collected shortly after nursing; 
individual values from 0-38 V per 
gm. 

* Standard error of the mean. 


t Not including one specimen from a Hampshire ewe, duplicate analyses of which 
indicated only 7 +. 

t Specimens collected between 3 weeks and 6 months after parturition. 

§ Collected between the 3rd and 7th days post partum from white women. 

|| Micrograms per gm. of fresh stomach contents. 


change from a winter ration to pasture produced an appreciable increase 
in the orotic acid concentration in only three out of five cows as determined 
by analysis of daily specimens of milk collected before and as late as 10 
days after the change in ration (Table II). Under the conditions studied 
the composition of the ration does not appear to be a major factor in de- 
termining the orotic acid concentration in cow’s milk. 

The greatest effect on the orotic acid concentration in cow’s milk was 
exerted by the events following parturition, as shown in Fig. 1. In two 
cases, within 1 to 3 days after parturition the orotic acid concentration of 
the milk reached 4 to 5 times the values normally encountered in cow’s 
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milk. The attainment of this maximal concentration was followed by the 
more gradual return to normal levels, which were reached about 2 weeks 
after parturition. The absence of orotic acid activity in the specimens of 
milk obtained within 1 hour after parturition from the identical twin Hol- 
steins, Cows T and Ty, was not due to the presence of an inhibitor of 
microbiological growth in the milk because the addition of synthetic orotic 
acid to the milk filtrate supported normal growth of the test organism. 
The possible significance of these marked changes in orotic acid concentra- 
tion in the milk following parturition of the cow, with respect to the me- 
— tabolism of the mammary gland and the nutrition of the calf, is not known. 
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High concentrations of vitamin A, carotene, and riboflavin have been ob- 

served in colostrum milk of cows (12). 
Orotic Acid in Milk of Other Species—The highest concentration of orotic 
acid was found in the milk of ewes (Table III). One specimen collected 
ase 31 days after lambing contained 585 y of orotic acid per ml. It appears 
red that the ewe would be a particularly suitable animal for studies concerning 
10 the precursors of orotic acid in milk. The goat, like other ruminants 
ied studied, secretes considerable quantities of orotic acid in the milk. In four 
de- specimens of goat’s milk (not included in Table III) collected 5 or 6 days 
after parturition, the concentration of orotic acid was found to be, respec- 
was tively, 205, 224, 300, and 320 y per ml. It appears, therefore, that the 
WO coat, like the cow, secretes the largest amount of orotic acid shortly after 

of parturition. 

W 79s Among the results obtained with milk from other species studied (Table 
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III) it is probable that only those for mare’s milk can be accepted with 
some confidence as reflecting the presence of orotic acid in the milk. Until 
more information is available about the absolute specificity of the micro- 
biological assay used, or until other specific methods of analysis have been 
developed, the values reported for orotic acid in the milk of women, swine, 
and rats must be accepted with some reservation. It is certain, however, 
that the secretion of orotic acid, if there is any, in the milk of these mono- 
gastric species is much lower than that found in the milk of ruminants. 
The fact that in some specimens of breast milk collected 3 to 7 days post 
partum no orotic acid could be detected, whereas in cow’s and goat’s milk 
the concentration is very high at this time, emphasizes the great species 
differences in this respect. 

No information is available concerning the origin of orotic acid in the 
milk of ruminants and the horse, or on the orotic acid concentration in 
feeds which compose the rations ordinarily consumed by the animals stud- 
ied here. The fact that the concentration of orotic acid is highest in the 
milk of ruminants and that it also appears to be present in the milk of the 
horse (which has a very large cecum) suggests that microbiologica! fermen- 
tation may be involved in the synthesis of orotic acid. If such is the case, 
it remains to be explained how the events after parturition of the cow would 
influence the extent of such microbiological synthesis. Orotie acid has 
been recognized as a product of metabolism of certain pyrimidineless mu- 
tants of Neurospora (13). Reichard (14) has suggested that orotic acid 
is a natural intermediate in the synthesis of pentose nucleic acid pyrimi- 
dines in the liver of the rat. It appears likely that factors affecting the 
metabolism or the permeability of the mammary gland of the ruminants 
and the rate at which orotic acid can be incorporated into pyrimidine 
nucleotides (15, 16) have an effect on the orotic acid concentration in the 
milk. The development of more specific methods of orotic acid analysis 
would contribute much to the solution of these relationships. 

While this paper was in preparation, we became aware of the studies of 
Leone and Scale (17) on the separation of orotic acid by paper chromatog- 
raphy. According to an abstract of their paper orotic acid was easily 
detectable in ultrafiltrates of cow’s milk, but no appreciable amount was 
found in human milk. Our results are in accord with this. 


SUMMARY 


Orotie acid has been isolated from fresh cow’s milk. 

Microbiological assays have been made of the concentration of orotic 
acid in the milk of cows, goats, ewes, mares, sows, rats, and of women. 
The highest concentration of orotic acid was found in the milk of ewes. 

Shortly after parturition the orotic acid concentration in cow’s milk 
reaches 4 to 5 times the levels normally found and then decreases gradually. 
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The apparent concentration of orotic acid in the milk of sows, rats, and 
of women is very low. 
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A POSSIBLE RELATIONSHIP OF VITAMIN B TO OROTIC ACID* 


By L. MANNAT ano S. M. HAUGE 


(From the Department of Agricultural Chemistry, Purdue University Agricultural 
Experiment Station, Lafayette, Indiana) 


(Received for publication, October 16, 1952) 


Novak, Hauge, and Carrick (1) presented evidence that one or more 
unidentified chick growth factors were present in distillers’ dried solubles 
(DDS). Novak and Hauge (2) announced the isolation of an unknown 
growth factor in a relatively high degree of purity from DDS. This sub- 
stance was very potent in stimulating rat growth and was designated vita- 
min By. It has an ultraviolet absorption maximum at 282 my and a 
minimum at 255 mu. Austin and Boruff (3) have also isolated vitamin 
Bu from DDS and have shown that it promotes the growth of chicks. 
Cunha et al. (4) reported that 3 ml. of a vitamin Bis concentrate per 100 
pounds of feed stimulated the growth of pigs as much as 50 per cent above 
the control ration containing an adequate amount of vitamin Bis. 

Unpublished research conducted in this laboratory (5, 6) has shown that 
DDS contains the whey factor (7) and a factor necessary for the growth 
of Lactobacillus bulgaricus. Wright et al. (8) also found the L. bulgaricus 
factor in DDS and they reported that orotic acid (4-carboxyuracil) could 
replace any of the natural materials for the growth of L. bulgaricus 09. 
Since orotic acid has an ultraviolet absorption spectrum (9) similar to that 
of vitamin Bu (2), it is possible that the two growth factors may be related. 


EXPERIMENTAL 


Isolation of Orotic Acid Huff et al. (10) isolated orotic acid from spray- 
dried whey. A modification of their procedure was used to accomplish the 
isolation from DDS. 2 kilos of DDS were autoclaved with 8 liters of 0.1 
HCl for 15 minutes at 120°. After cooling, the acid extract was decanted 
and the residue reextracted with 0.1 n HCl. The combined acid extracts 
were adjusted to pH 7 and allowed to stand in the refrigerator overnight. 
The supernatant liquid was concentrated to a volume of about 4 liters and 
placed in the refrigerator for 3 days. The precipitate that formed was 
discarded and sufficient aledhol was added to make a 20 per cent solution. 
After standing in the refrigerator for 2 days, the supernatant liquid was 


* Journal Paper No. 652, Purdue University Agricultural Experiment Station, 
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adjusted to pH 3 and again refrigerated for 2 days. The precipitate that 
formed was discarded and the alcoholic solution was passed through an 
adsorption column 2} inches by 3} feet containing an equal mixture by 
weight of Darco G-60 and Celite. The column was washed with 10 liter 
of 0.001 n HCl. The elution of orotic acid was effected by allowing 1 
NaOH to pass through the carbon with suction. Twelve 500 ml. fractions 
were collected. Fractions 2 through 12 were pooled, neutralized to pH ? 
with concentrated HCl, and concentrated under reduced pressure to 600 
ml. The brown concentrate which contained NaCl was heated to about 
70° and quickly filtered. The filtrate was cooled overnight and the pre- 
cipitate that formed contained very little sodium salt of orotic acid. This 
was ascertained by the FeCl; test and the ultraviolet absorption spectrum 
The filtrate was concentrated to about 450 ml., heated to about 70°, and 
again filtered. The filtrate was cooled for 48 hours and the precipitate 
that formed was dissolved in a small amount of water and acidified with 
HCl. Orotic acid precipitated and was recrystallized from a minimal quan- 
tity of hot water. The ultraviolet absorption spectrum of the isolated 
orotic acid was determined on the Beckman DU quartz spectrophotometer, 
with distilled water as the solvent, and found to be identical with that 
reported by Nyc and Mitchell (9). The isolated material and synthetic 
orotic acid were equivalent in their ability to promote the growth of I. 
bulgaricus 09 when assayed according to the procedure described by Wright 
et al. (8). Synthetic orotic acid was prepared from aspartic acid and po 
tassium cyanate (9). 

Growth Response of Rats to Orotic Acid and DDS—The basal ration used 
in the rat experiments had the following composition: purified casein, 25 
per cent; Cerelose, 62.2 per cent; McCollum Salt Mixture 185 (11), 4 per 
cent; Cellu flour, 2 per cent; hydrogenated cottonseed oil, 5 per cent; cod 
liver oil, 1 per cent; bi- methionine, 0.2 per cent; L-cystine, 0.1 per cent; 
suceinyl sulfasuxidine, 0.5 per cent; and, for each 100 gm. of basal ration, 
a vitamin supplement consisting of thiamine hydrochloride 3 mg., riboflavin 
3 mg., pyridoxine hydrochloride 3 mg., calcium pantothenate 10 mg., nico 
tinic acid 5 mg., choline chloride 150 mg., biotin 0.01 mg., folic acid 0.2 
mg., inositol 40 mg., p-aminobenzoic acid 30 mg., menadione 1 mg., iodin- 
ated casein 50 mg. The purified casein was prepared by six isoelectric pre 
cipitations, followed by continuous extraction with ethanol for 1 week. 

Weanling rats weighing between 40 and 45 gm. were used. Each lot 
consisted of six rats (equal numbers of each sex). The growth responses 
obtained by supplementing the basal ration with orotic acid or DDS ar 
indicated in Table I. A statistical analysis of the data revealed that both 
supplements produced highly significant growth responses in the rat and 
that the growth obtained with DDS was highly significant over that ob- 
tained with orotic acid. 
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that Since 5-(carboxymethylidene)hydantoin (CMH) has been shown to stim- 
nan ulate the growth of L. bulgaricus 09 (8), tests were made to determine 
e by whether this hydantoin would stimulate the growth of the rat. Table II 
iten indicates that CMH produced a significant response in the rat, although 
Ly not of the same order of magnitude as that obtained with orotic acid. 


Lions 
oH 7 I 
600 § Biological Tests for Orotic Acid and Unidentified Growth Factors in Distillers’ Dried 
bout Solubles (DDS) 
pre- Least significant 
This Series No. Lot No. | Addition to basal ration cain daring We ur 
rum. 50% 1% 
and 
5, combined 1 None 68.6 
with 9 5% DDS 89.5 
juan- 3 1 mg. % orotic acid 81.8 
lated 5.5 7.1 
1 None 70.5 
— 2 30% DDS 101.3 
; | 3 Img. % orotic acid 80.1 
hetic 14.4 | 20.0 
of L. 2 1 None 68.2 
right 2 5% DDS 104.3 
I po 3 Img. % orotic acid 86.0 
11.5 15.6 
3 I None 76.3 
used 2 8% DDS 88.5 
n, 25 3 1 mg. % orotic acid 94.0 
4 per 11.5 16.0 
cod 1 U None 66.8 
— 2 5% DDS 78.0 
me 3 1 mg. % orotic acid 80.1 
tion, 9.7 | 13.6 
lavin 5 1 None 61.1 
nico 2 580% Ds 75.5 | 
| 0.02 3 [Ing. % orotic acid 69.0 | 
odin 19.2 26.2 
pre 


ek. The above experiments. were conducted without additions of vitamin 
th lot Bi to the test diets. The vitamin was omitted because this type of diet 
onses had been used by Novak and Hauge (2) in their studies with vitamin Bin 
S an] before the existence of vitamin Bi: had been announced. In a series of 
. experiments, it was discovered that when vitamin Bis was added to this 
diet supplementation with either orotic acid or DDS failed to produce a 
significant growth response. Therefore, it was decided to deplete rats of 
any reserves of unknown growth factors by feeding the pregnant dams a 
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_ purified diet and using their litters as test animals. This purified diet was 
identical with the basal diet except for the omission of iodinated casein and 
succinyl sulfasuxidine. With these test animals, it was possible to demon- 
strate a stimulatory effect of orotic acid and DDS above that obtained 
with vitamin Bi: (Table IIT). 


Taste II 
Comparison of Growth Responses Obtained with Orolic Acid and &-(Carbozymethyli- 
dene)hydantoin 
a Least significant 
Series No. Lot No. Addition to basal ration m during — 
S% | 1% 
om om. om. 
6-8, combined 1 None 65.3 
2 Img. % CMH 73.8 
3 1 “ P orotic acid 80.9 
| 9.1 12.1 


Taste III 


Growth Responses of Depleted Rats to Supplements of Orotic Acid, Vitamin Bu, and 
Distillers’ Dried Solubles 


Least significant 
Series No. Let Mo, | 00 100 gm. dun | 

S% | 1% 

om. om. 
12 1 None 71.5 
2 2 vitamin Bis 101.0 
3 1 mg. orotic acid 96.0 
4 2 7 vitamin By; + Img. 111.6 

orotic acid 

| 27 vitamin Bi ＋ 5 gm. 118.5 

DDS | 12.2 16.7 

DISCUSSION 


Orotic acid was isolated from DDS, a natural source of vitamin Bu, and 
found tc be identical with synthetic orotic acid by microbiological assays 
and by comparison of their absorption spectra. The general character- 
istics of the absorption spectrum of orotic acid (9) are similar to those of 
vitamin Bu (2), except that orotic acid has a maximum at 278 my and 8 
minimum at 240 ma as compared with 282 and 255 mau, respectively, for 
vitamin Bu. This suggests that orotic acid is closely related to vitamin 
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Bu or that orotic acid is part of the vitamin Bi molecule which is respon- 
sible for the absorption spectrum of vitamin Bu. 

Additional evidence that orotic acid may be related to vitamin Bia was 
obtained by growth tests with rats. With undepleted rats (Table I), the 
addition of either orotic acid or DDS to a ration containing all the known 
B vitamins, except vitamin Bis, produced significant growth responses. 
Since DDS does not contain any significant quantity of vitamin Bis, the 
responses observed could not be due to vitamin Bis but to orotic acid or 
vitamin Bu. 

The data presented in Table III show that with depleted rats supple- 
mentation of the basal ration with orotic acid, vitamin Bis, vitamin Bi: 
plus orotic acid, and vitamin Bis plus DDS produced highly significant 
growth responses. Furthermore, it was found that with rations supple- 
mented with vitamin Bis the addition of either orotic acid or DDS pro- 
duced significant growth responses, DDS again being more effective than 
orotic acid. 

The highly significant growth responses obtained with DDS over those 
pbtained with orotic acid might indicate that orotic acid may be a decom- 
position product of vitamin Bu. Evidence to support this hypothesis, 
besides that already discussed, is found in their relative biological poten- 
cies. Novak and Hauge (2) obtained highly significant growth responses 
by administering 6 y of vitamin Bu per day, a quantity far less than the 
1 mg. of orotic acid per 100 gm. of ration that gave less significant growth 
responses in these experiments. This relationship may be analogous to 
that reported for vitamin Bis (12). An acid decomposition product of 
vitamin B,:, 5,6-dimethylbenzimidazole, was found to produce a vitamin 
Bis response in rats when fed at a level 400 times that of vitamin Bis. 

Although CMH gave a significant growth response in rats, it was not as 
great as that produced by orotic acid (Table IT). This might be expected, 
since it has been shown that this hydantoin can replace orotic acid in the 
medium for the growth of L. bulgaricus 09, although it is less effective than 
orotic acid (8). 

Since additions of extracts of DDS or whey, either alone or in combina- 
tion, to a chemically defined medium were equally effective in stimulating 
the growth of Lactobacillus casei, while vitamin Bi: was ineffective, it was 
concluded that DDS and whey contain similar growth factors which are 
distinct from vitamin B.: (5, 6). Furthermore, extracts of whey and DDS 
stimulate the growth of L. bulgaricus, which has been correlated with the 
orotic acid content of these materials (8). Therefore, if the presence of 
orotic acid in the vitamin B,3 molecule can be established by further inves- 
tigation, this would indicate that vitamin Bu and the whey factor are 
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SUMMARY 


A possible relationship of orotic acid to vitamin Bu is indicated by the 
similarity of their absorption spectra. Orotic acid was isolated from dis- 
tillers’ dried solubles and found to be identical with synthetic orotic acid 
by microbiological assay and by comparison of their absorption spectra. 
In growth tests with undepleted rats, the addition of either orotic acid or 
distillers’ dried solubles to a ration containing all the B vitamins except 
vitamin Bi: produced significant growth response, the response to distillers’ 
dried solubles being greater than that to orotic acid. 5-(Carboxymethyl- 
idene)hydantoin was not as effective as orotic acid. Only with rats de- 
pleted of unknown growth factors was it possible to secure significant 
growth responses with orotic acid and distillers’ dried solubles over that 
produced by vitamin Biz. The low biological potency of orotic acid com- 
pared with that of vitamin Bis and the slight difference in their absorption 
spectra may indicate that orotic acid is a decomposition product of vitamin 
Bus. 


BIBLIOGRAPHY 


Novak, A. F., Hauge, S. M., and Carrick, C. W., Poultry Sc., 26, 604 (1947). 

Novak, A. F., and Hauge, S. M., J. Biol. Chem., 174, 235 (1948). 

Austin, F. L., and Boruff, C. S., Proceedings of 4th Conference on Feeds of the 

Grain Distilleries, Cineinnati, Mar. 4, 77 (1949). 

4. Cunha, T. J., Edwards, H. M., Meadows, G. B., Benson, R. II., Sewell, R. F., 
Pearson, A. M., and Glasscock, R. F., Arch. Biochem., 28, 140 (1950). 

5. Manna, L., Thesis, Purdue University, June (1950). 

6. Hauge, S. M., and Manna, L., 64th annual report of the Director, Purdue Uni- 
versity Agricultural Experiment Station, 116 (1951). 

7. Norris, L. C., and Heuser, C. F., Cornell Univ. Erp. Sta., Bull. 810 (1944). 

8. Wright, L. D., Huff, J. W., Skeggs, H. R., Valentik, K. A., and Bosshardt, D. K., 
J. Am. Chem. Soc., 72. 2312 (1950). 

9. Nyc, J. F., and Mitchell, H. K., J. Am. Chem. Soc., 69, 1382 (1947). 

10. Huff, J. W., Bosshardt, D. K., Wright, L. D., Spicer, D. S., Valentik, K. A., and 
Skeggs, H. R., Proc. Soc. Exp. Biol. and Med., 76, 297 (1950). 

11. McCollum, E. V., Simmonds, N., and Pitz, W., J. Biol. Chem., 27, 33 (1916). 

12. Emerson, G., Holly, F. W., Shunk, C. H., Brink, N. G., and Folkers, K., J. 

Am. Chem. Soc., 73, 1069 (1951). 


ow — 


2 
— 

( 

(1 

ne 

] 

(1 
nut 

co 
| 
nue 
est: 

of 
and 
Cre: 

the 

has 
fou 
bore 
koff 

acl 

the 
were 

rate 

fore 

I 
acid: 
rat 
imp ‘ 

acid 
heop 


NUCLEIC ACID CHANGES DURING LIVER REGENERATION 


Br MICHAEL E. LOMBARDO, LEOPOLD R. CERECEDO, 
and D. V. N. REDDY 


From the Department of Biochemistry, Fordham University, New York, New York) 
(Received for publication, October 17, 1952) 

Nucleic acid studies on growing normal and pathological tissues have 
gained ever increasing momentum in recent years. Several investigators 
(1-7) have presented evidence indicating a high nucleic acid content for 
neoplastic tissues. It has recently been shown in this laboratory (8-13) 
that there is an increase in the nucleic acid content of the liver, kidney, and 
lung of mice bearing a transplanted sarcoma. Independently, Payne et al. 
(14) have found an increased incorporation of P into the desoxypentose 
nucleic acid (DNA) of livers from tumor-bearing mice compared to the 
controls. 

A great deal of attention has also been directed to the part played by 
nucleic acids in embryonic development (15-19), and it has been well 
established that rapidly growing embryonic tissue has a high concentration 
of nucleic acid. Of interest in this connection is the observation of Reddy 
and Cerecedo (20) that gestation in the mouse is accompanied by an in- 
crease in the nucleic acid concentration in the liver, kidney, and lung of 
the parent animal. 

A third type of growth process in which the réle of the nucleic acids 
has been studied is that taking place in regenerating liver. Drabkin (21) 
found that the quantity of DNA regenerated after partial hepatectomy 
bore a close relationship to the quantity of liver tissue regenerated. Novi- 
koff and Potter (22) observed that the concentration of pentose nucleic 
acid (PNA) in the regenerated liver was considerably higher than that of 
the original liver between the Ist and 4th days. On the other hand, they 
were unable to establish a relationship between the DNA changes and the 
rate of growth. Both increases and decreases were observed, during, be- 
fore, and after the 14 to 34 day period, when growth was rapid. 

In view of these facts, it appeared of interest to us to study the nucleic 
acids not only in the liver byt also in the kidney, lung, and spleen of the 
rat during liver regeneration following partial hepatectomy. It seemed 
important to determine whether liver regeneration would stimulate nucleic 
acid changes in other organs, as has been found to be the case during 
neoplastic growth (8-13) and embryonic development (20). 
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98 NUCLEIC ACID CHANGES IN REGENERATING LIVER 


EXPERIMENTAL 


Male rats of the Wistar strain, weighing between 86 and 152 gm., were 
employed in these studies. The experiment was performed in two sections 
owing to the limitation in the number of partial hepatectomies which could 
be performed in 1 day. The animals were placed on a synthetic high pro- 
tein diet about 1 week before the operation. The composition of the diet 
was as follows: crude casein 38 gm., sucrose 51 gm., lard 5 gm., Ruffex 
2 gm., salts? 4 gm., thiamine hydrochloride 2 mg., calcium pantothenate 
6 mg., inositol 6 mg., p-aminobenzoic acid 2 mg., folic acid 2 mg., choline 
chloride 0.2 gm., a-tocopherol 2 mg., vitamin A* 6750 i. u., and vitamin D 
500 i. u. 

In these experiments, both the left lateral and median lobes of the liver 
were excised. The operation was carried out under light anesthesia, ac- 
cording to the method of Brues et al. (24) with slight modifications, as 
kindly demonstrated to us in the laboratory of Dr. J. J. Oleson of the 
Lederle Laboratories Division, American Cyanamid Company, Pearl River, 
New York. 

The operation was performed on a total of twenty-four rats. Twenty- 
four control rats were subjected to the same operative procedure but the 
liver was not excised. That is, the animals were anesthetized and an 
incision was made. The liver was expressed through the incision and then 
gently pushed back. Seven experimental and seven control animals were 
sacrificed 4 days after the operation, and groups of five experimentals and 
five controls were sacrificed 8, 11, and 14 days after the operation. Two 
controls and two experimental rats were sacrificed on the 18th day. 
Groups of two controls not operated upon were also sacrificed at each of 
the designated periods. All rats were fasted 24 hours before the operation 
and 24 hours before they were killed to maintain low comparable glycogen 
levels in the liver. 

In addition, a partial hepatectomy (excision of the median and left lat- 
eral lobes) was performed on twenty rats which had been fasted 24 hours. 
The excised liver was blotted free of blood with moist filter paper, placed 
in stoppered weighing bottles, and quickly weighed. Immediately after 
the operation, these animals were sacrificed and the remainder of the liver 
was removed and weighed. This was done to establish the extent of liver 


1 Obtained from the Wistar Institute. 

2 The salt mixture was similar to that used by Drabkin (21). It was the No. 12 
mixture of Jones (23) which was modified by doubling the iron concentration. 

Given in the form of a concentrate (1,000,000 i. u. per gm.) supplied by the 
Nopco Chemical Company, Harrison, New Jersey. 

Given in the form of Drisdol (Winthrop-Stearns, Inc., New York). 
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lobectomy for the particular group of rats used in these experiments. By 
this procedure, the percentage of liver lobectomy (median and left lateral 
lobes) was found to be 69.2 + 0.65 per cent. This value is in good agree- 
ment with that found by other investigators (24, 25). 

All rats were sacrificed by stunning, followed by decapitation. All livers 
removed by hepatectomy were blotted free of blood, quickly weighed, and 
then immediately frozen on dry ice. The same procedure was followed 
for the liver, kidney, lung, and spleen when the animals were sacrificed. 
All tissues were then stored in the deep freeze at —20° until analyzed. 
The tissues were homogenized in a glass homogenizer with distilled water 
in an ice-water mixture at 0°. All homogenates were approximately 10 to 
20 per cent suspensions, depending upon the tissue and the concentration 
of nucleic acid therein. Because of the wide variation of DNA even in 
normal spleen, the spleens of the animals in each group were pooled. 

Aliquots of 2 ml. were removed for nucleic acid analysis and dry weight 
determinations. For the latter, all samples were dried at 105-110° to 
constant weight. The nucleic acid fraction was extracted by the trichloro- 
acetic acid method of Schneider (26). Pentose nucleic acid was estimated 
according to the method of von Euler and Hahn (27), and desoxypentose 
nucleic acid by Stumpf’s method (28). The remainder of the nucleic acid 
fraction was hydrolyzed by heating with 1 n H: SO. in a boiling water bath 
for 2 hours. Adenine was estimated in the hydrolysate according to the 
method of Woodhouse (29), and guanine by that of Hitchings (30). 


Results 


The average food intake per day of the hepatectomized rats and their 
controls was practically the same throughout the entire experimental pe- 
riod. The average food intake of the partially hepatectomized animals 
was about 20 per cent lower than that of the controls for the first four 
days and approximately equal to that of the controls for the remainder 
of the experimental period. 

In Table I are presented data on the nucleic acids and purines in the 
livers of rats after partial hepatectomy. In the course of the experiment, 
the same number of controls (subjected to sham operation) as experimental 
rats was sacrificed each time. Two controls not operated upon were sacri- 
ficed at each of the periods designated. The data on both groups covering 
the entire experimental period were then averaged separately. The same 
procedure was followed for the data on the other tissues analyzed. 


‘Mean + 8. e.; 8.e. = +/Zd3/n(n — 1) where n is the number of determinations and 
d is the deviation from the mean. 
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100 NUCLEIC ACID CHANGES IN REGENERATING LIVER 
When the data are expressed on a dry weight basis, we can see that 
there are no significant“ differences between the nucleic acids and purines 
of the livers removed operatively and of those from the partially hepatec- 
tomized and control rats covering the entire experimental period. Simi- 
larly, there is no change in DNA, guanine, and adenine in the regenerating 
livers of rats 4 to 18 days following partial hepatectomy. On the other 


Tassie I 
Nucleic Acid and Purine Concentration of Livers of Rats Following Partial 
Hepatectomy 
Days after 3 Mg. per gm. dry weight Mg. per gm. fresh tissue weight 
DNA PNA Guanine Adenine DNA § PNA Guanine Adenine 
24° 9.6 29.7 6.0 4.2 2.8 8.7 1.8 1.8 
40.36 40.5 0. 1 4&0. 1 40.1) 40.2 40.0 40.0 
10¢ | 10.2 29.5 53.9 4.1 3.0 8.8 1.7 1.2 
40.4 0.7 40.2 40.1 40. 1 4.2 40.1 40.1 
24 | 10.1 28.7 5.9 4.2 2.9 8.8 1.7 1.2 
40.4 40.6 40.2 40.1 40.1 4.3 40.1 40.1 
4 7 10.3 | 34.0) 6.4 4.2 3.1 10.3 1.9 1.3 
+0.7 | 40.8 0.2 & 0. 1 40.2 40.2 40.1 40.1 
8 5 8.9 30.8 6.2 4.6 28, 9.2 1.9 1.4 
40. 4 40.9 40.1 40.3 40.1 40.3 40.1 40.1 
11 5 10.3 29.2 6.0 4.2 3.1 88) 1.8] 1.3 
40.5 40.4 40.2) 40.1 40.2 40.2 40.0} 40.1 
88 | 2.4 5.6 3.9 27 8.6 1.7 1.2 
| 0.5 4.7 40.2 40.2 4.2 40.2) 40.1 | 40.1 
is 2 10.6 28.5 60 4.6 3.0 8.0 1.7 1.3 
| b. 4 204 40.1 40.2 40.2 40.3 | 4. 1 


* Control rats operated upon without removal of the liver. 
Mean + s.e. 

t Control rats not operated upon. 

§ Animals from which part of the liver was removed. 


hand, there is an approximately 14 to 15 per cent increase in the PNA 
concentration of the regenerating liver 4 days after partial hepatectomy. 
This value of PNA is significantly higher than that of the controls and 
also of the excised livers. f values were obtained corresponding to a prob- 
ability of less than 0.01 that the difference may be attributable to chance. 
The values of PNA from the 8th to the 18th day following partial hepatec- 
tomy are within the normal range. When these data on nucleic acids and 
purines are expressed on a fresh tissue basis, the results are identical. The 

* In the analysis of all data presented here, differences between control and experi- 
mental groups are claimed to be significant only if so verified by application 
of Fisher’s criterion of t (31). 
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LOMBARDO, CERECEDO, AND REDDY 101 
only increase is in PNA 4 days after partial hepatectomy, and this increase 
is again significant, as shown by application of Fisher’s (31) criterion of t. 

In Table II are presented data on the liver excised (median and left 
lateral lobes) by partial hepatectomy and the per cent regeneration of the 
liver tissue and the liver nucleic acids. The per cent regeneration of both 
liver tissue and liver nucleic acids was calculated according to the formulas 
given by Drabkin (21). However, the value of 0.692 was used for the 
ratio (gm. of left lateral + gm. of median lobe) / (gm. of original total liver), 
as was established for the group of rats used in our experiments. In con- 


Taste II 
Data on Liver and Nucleic Acid Regeneration Following Partial Hepatectomy 
Body weight Liver excised New or restored tissue 8 
operation mal 2 “liver | 
Initial Final 100 gm. per 22 per DNA PNA 
. . . 
{ 7 188 | 8 25 6.20 20.92) 67.1 71.1 80.9 
5 


5 2.78 7.98 23.37 1.88 6.34 17. 68.9] 68.0 74. 

00 | £0.31! 40.82 40.10 40.38) 41.04] 45.9] 47.4) 47.0 
2.88 | 8.36 24.49 1.91 5.85 16.74 66.9 70.6| 68.9 
+£0.09 40.30 £0.61 40.07 +0.32 &. 79 4 58.4 45.3 
2.83 8.20 23.95 1.93 5.17 16.64| 60.0 62.8 70.0 
40. 12 £0.35 40.95 40.05 +0.32 +0.39|+3.8 41.6 41.9 
2.73 7.91 22.71 2.06 6.06 16.44 a3 76.5| 72.6 


+£0.03 +£0.09 £0.26 £0.15 +0. 1 K. 50 6.3 42.5 +1.6 


11 5 118 136 
11 5 114 140 


IS 2 133 177 


— — — 


0 * Mean + s.e. 


trast to the procedure of previous investigators, the weights of the livers 
substituted in these formulas were expressed in gm. per 100 gm. of body 
weight and the nucleic acids in gm. per liver per 100 gm. of body weight, 
because some animals gained considerable weight after hepatectomy, and 
this procedure minimized gains in liver weight due to the general growth 
of the animals. In this manner, anomalous increases in liver regeneration 
due to general animal growth were eliminated. 

We can see from Table II that there is a 67.1 per cent liver regeneration 
days after partial hepatectomy. The per cent of liver regeneration 8, 11, 
and 14 days after partial hepatectomy is practically identical with that 4 
days after the operation. The per cent regeneration by the 18th day seems 
to be slightly higher but not significantly so. From Table II, we can also 
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see that the quantity of DNA regenerated bears a close relationship to the 
quantity of liver tissue restored. On the other hand, the quantity of PNA 
restored 4 days after partial hepatectomy was slightly greater than the per 
cent of tissue regeneration. Applying Fisher's eriterion of ¢ in comparing 
per cent tissue regeneration with per cent PNA regeneration, a ¢ value is 
obtained corresponding to a probability between 0.02 and 0.01 that the 
difference may be attributable to chance. Hence, we can say that the per 
cent regeneration of PNA 4 days after partial hepatectomy is greater than 
that of tissue regeneration. The per cent regeneration of PNA from the 


Taste III 
Nucleic Acid and Purine Concentration of Kidneys of Rats Following Partial 
Hepatectomy 

Days after No. of Mg. per gm. dry weight Mg. per gm. fresh tissue weight 
operation animals — 
DNA PNA | Guanine Adenine DNA PNA | Guanine | Adenine 
24° 17.9 19.3 5.1 4.9 4.1 4.4 1.2 1.1 
+0.5¢ 40.4 40.1 40.1 | 40.2 40.0 +0.0 
101 19.1 18.9 4.8 4.7 4.4 4.2 1.1 1.1 
40.5 40.8 40.2 40.2 40. 1 40.2 4&0. 1 40.0 
1 7 20.1 20.0 5.3 4.9 4.5 4.7 1.2 1.1 
4&1. O0 40.3 40.2 40.2 40.2 40.2 40.1 40.2 
8 5 18.3 20.2 5.3 5. 3 4.3 4.7 1.2 1.2 
4K 0.8 40.5 40.2 40.3 40.2 40.3 40.1 
11 5 18.4 20.4 5.5 5.1 4.2 4.7 1.3 1.2 
40. 440.5 40.3 | 40.1 | 40.1 | 40.2 40.1 40.1 
14 5 17.3 19.8 5.0 4.8 3.9 4.4 1.1 1.0 
41.9 40.7 40.2 40.5 40.3 40.2 40.1 +0.1 
18 2 19.2 19.0 4.8 4.5 4.2 4.2 1.1 1.0 
40.5 40.3 40.2 40.5 40.1 4&0. 1 40.1 340.1 


See foot -notes to Table I. 


8th to the 18th day bears a close relationship to per cent tissue regenera- 
tion. 

In Table III are presented data on the nucleic acids and purines of the 
kidneys of rats following partial hepatectomy, showing that there are no 
significant differences between nucleic acids and purines of the rats sub- 
jected to the sham operation, the controls without operation, and the 
partially hepatectomized rats 4 to 18 days after the operation, either when 
the data are expressed on a dry weight basis or on a fresh tissue basis. 
Similar data for the lung are presented in Table IV. Again no significant 
differences in nucleic acids and purines can be found between the control 
and partially hepatectomized rats. 

In Table V are presented data on the nucleic acids and purines in the 
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spleens of rats following partial hepatectomy. The values of the partially 
hepatectomized rats and their controls represent five separate pools of 


IV 
Nucleic Acid and Purine Concentration of Lungs of Rats Following Partial 
Hepatectomy 
Days after No. of Mg. per gm. dry weight Mg. per gm. fresh tissue weight 
operation animals | 
DNA | PNA | Guanine| Adenine} DNA | PNA | Guanine| Adenine 
24° 34.0 17.2 6.7 6.8 7.1 3.6 1.4 1.4 
KI. 40.7 | 40.1 40.2 40.3 | 40.2); 40.1 40.1 
101 35.2 15.2 6.4 6.5 7.1 3.3 1.3 1.3 
+0.8 40.9 40.2 40.2 40.2 +0.1 | 40.11 +0.1 
4 7 36.2 16.6 6.6 6.5 7.5 3.4 1.4 1.4 
42.7 Kl.5 40.3 40.3 40.6 40.3 | 40.1 / 40.1 
8 5 34.3 17.0 6.9 7.1 7.1 3.5 1.4 1.5 
41.7 | 41.2) 40.4 40.3 40.4) 40.5 40.1 +0.1 
11 5 30.2 15.9 6.6 6.0 6.5 3.4 1.4 1.3 
43.0 | 42.4) 40.5 40.5 40.5 40.5 40.1 40.1 
14 5 35.5 17.5 6.4 6.0 6.9 3.8 1.3 1.2 
4 42.4 40.6 40.4 40.3 40.5 40.1 40.1 
18 | 2 36.7 17.7 7.0 7.1 6.7 3.3 1.3 1.4 
42.3 | 41.0 40.6 40.4 40.8 40.2) 40.2 +0.1 
See foot-notes to Table I. 
V 
Nucleic Acid and Purine Concentration of Spleens of Rats after Partial Hepatectomy 
r Mg. per gm. dry weight Mg. per gm. fresh tissue weight 
operation | animals | 
DNA | PNA | Guanine Adenine} DNA | PNA | Guanine | Adenine 
24° 74.6 28.4 11.1 11.2 16.5 53.8 2.4 2.5 
3. II +1.0' 40.4 40.6 KI. 2 40.5 40.1 
101 80.1 | 25.8 10.4 10.0 19.3 6.4 2.5 2.4 
43.3 Kl. 4 40.5 40.4 +1.0/ 40.3 40.2 40.1 
4 7 85.0 29.6 11.7 11.4 19.35 6.9 2.6] 2.6 
8 5 81.4 29.7 11.4 11.5 18.5 7.4 2.6 2.7 
11 5 71.6 27.6 10.4 9.9 15.2 5.9 2.2 2.1 
14 5 77.1 21.2 10.1 9.9 16.8 3.3 2.2] 2.2 
ie ae 73.1 21.3 10.9 10.5 | 16.2 5.4 2.4] 2.3 


Ses foot-notes to Table I. 


tissue, with triplicate determinations on each pool. The values of the 
spleen of the partially hepatectomized animals represent one pool each, 
with triplicate determinations on each pool. The variation on the tripli- 
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cate determinations of each pool was 1 per cent or less. The single pools 
of the partially hepatectomized rats were compared with the controls statis- 
tically by application of the fiducial inference at the 1 per cent level. No 
significant differences could be found between the nucleic acids and purines 
of partially hepatectomized rats and controls when the data were expressed 
either on a dry weight basis or on a fresh tissue basis. 


DISCUSSION 


In our studies on liver regeneration, we have compared the regenerated 
liver not only with the control liver (removed operatively) of the same 
animals but also with the livers of hepatectomized and control rats of the 
same age. 

Our data indicate that there is an increase in the PNA concentration 
of the livers of rats 4 days following partial hepatectomy, but no increases 
were observed thereafter. This is in good agreement with the observations 
of Novikoff and Potter (22) who found that the concentration of PNA was 
considerably higher than that of the original livers between the Ist and 4th 
days following partial hepatectomy. An increase in the nucleic acid con- 
centration of regenerating liver during the period of rapid growth was also 
suggested by the increased P uptake observed by Brues et al. (18, 32), 
by the ultraviolet cytochemical observations of Stowell (33), and by the 
increased staining with pyronine noted by Brachet (34). 

Novikoff and Potter also observed both increases and decreases in DNA 
during, before, and after the 14 to 34 day period, when growth was rapid. 
Our data, on the other hand, definitely show that the DNA remains within 
the normal levels between the 4th and the 18th days following partial 
hepatectomy. 

Our data on the per cent liver regeneration are in close agreement with 
those of Drabkin (21). Our observations also show that the per cent re- 
generation of DNA bears a close relationship to the per cent of liver tissue 
regeneration. This indicates that DNA, a constituent of cell nuclei, has 
kept pace with cellular proliferation. The per cent regeneration of PNA 
was higher than the per cent of liver regeneration 4 days following partial 
hepatectomy. This further substantiates the existing idea that PNA is in 
some way involved in protein synthesis. The per cent regeneration of 
PNA from the 8th to the 18th day after partial hepatectomy bore a close 
relationship to the per cent liver tissue regeneration. This is at variance 
with the finding of Drabkin (21) that the per cent PNA regeneration on a 
high protein diet (31 per cent, as also used in our experiments) was 52.1 
per cent compared to a 72.9 per cent liver regeneration 14 days following 
partial hepatectomy. Our data show a 70.0 per cent PNA and a 69.0 per 
cent liver tissue regeneration 14 days after partial hepatectomy. 

A study of the nucleic acids and purines in the kidney, lung, and spleen 
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of the partially hepatectomized rat revealed no significant changes in these 
organs during liver regeneration. Previous work in this laboratory has 
revealed an increase in the nucleic acid concentration of the liver, kidney, 
and lung during growth of a transplanted sarcoma in mice (8-13) and 
during embryonic development (20). In contrast to these findings in the 
mouse, our data show that, in the rat liver, regeneration, a normal growth 
process, does not cause a general stimulation of the nucleic acid metabolism. 


1. Desoxypentose nucleic acid, pentose nucleic acid, guanine, and ade- 
nine were determined in the liver, lung, kidney, and spleen of partially 
hepatectomized rats from the 4th day to the 18th day after the operation. 
The same substances were determined in controls subjected to the same 
operative procedure and in controls not operated upon. 

2. The regenerating liver has been compared not only with the control 
liver (removed operatively) of the same animals but also with the livers of 
control rats subjected to the same operative procedure and with controls 
not operated upon. 

3. The data indicate that there is an increase in the PNA concentration 
of the livers of rats 4 days following partial hepatectomy, but no increases 
were observed after this 4 day period. DNA remains within the normal 
levels between the 4th and 18th days following partial hepatectomy. 

4. The per cent regeneration of PNA was higher than the per cent 
regeneration of liver tissue 4 days after partial hepatectomy. The per 
cent regeneration of PNA after this 4 day period bore a close relationship 
to liver tissue regeneration. The regeneration of DNA bore a close rela- 
tionship to liver tissue regeneration throughout the 4 to 18 day period 
following partial hepatectomy. 

5. No significant changes could be found in the nucleic acids and purines 
of the kidney, lung, and spleen of the partially hepatectomized rats during 
liver regeneration. 


This investigation has been aided, in part, by grants from the National 
Cancer Institute, National Institutes of Health, United States Public 
Health Service, and the Damon Runyon Memorial Fund for Cancer Re- 
search, Inc. 

We are indebted to Dr. J. J. Oleson of the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York, for giving us the 
opportunity to learn the technique of partial hepatectomy in his laboratory. 
Our thanks are due also to Dr. Harry M. Vars of the Harrison Department 
of Surgical Research, University of Pennsylvania, for sending us an outline 
of the technique for partial hepatectomy in the rat as used in the above 
department. 
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A CHEMICAL METHOD FOR THE DETERMINATION OF 
ESTROGENS IN PLASMA 


By ANDREW H. VELDHUIS* 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore, Maryland, and the Department of Obstetrics and 
Gynecology, Washington University School of Medicine, St. Louis, Missouri) 


(Received for publication, April 14, 1952) 


Numerous studies made during recent years of the metabolism of es- 
trogens in the reproductive cycle and during pregnancy in both man and 
animals have all necessarily been incomplete for lack of a good method for 
determining estrogens in the blood. The levels can, of course, be deter- 
mined by bioassay, but this is tedious, not very accurate, and usually 
requires moderately large amounts of serum or plasma. The concentration 
of estrogen in pregnancy urine can be determined readily either by bioassay 
or by chemical procedures. Since the discovery by Kober that estrogens 
give a relatively specific color with sulfuric acid, various methods have been 
developed which are quite satisfactory for the determination of urinary 
estrogens when the content is high, as in pregnancy. Recently more sensi- 
tive methods have been worked out by use of the fluorescence which is 
produced by heating estrogens with sulfuric acid. This has made possible 
the quantitative determination of estrone and estradiol in the urine of 
non-pregnant individuals by chemical means (1). The problem still re- 
mains, however, of adapting these reactions of estrogens with sulfuric acid 
to the determination of estrogens in the blood. This paper presents a 
fluorometric method for the quantitative determination of naturally occur- 
ring estrogen in plasma. 


Apparalus and Reagents 

Since the concentration of estrogens in plasma is very small, we have 
found it necessary to keep non-specific fluorescent materials in the reagents 
and solvents at a minimal concentration. Several grades of reagents have 
been unsatisfactory. The source of each reagent is listed below. 

Fluoromier. Farrand, model A, series 117. 

Distilling unit. An all-glass apparatus consisting of a 24 inch Vigreux 
distilling column connected to a condenser. 


* Fellow at The Johns Hopkins University, School of Medicine, under a grant made 
to the University for the improvement of cancer teaching by the United States 
Public Health Service and Postdoctorate Fellow of the United States Public Health 
Service at Washington University School of Medicine. 
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Reagent A. 70 volumes per cent of sulfuric acid (700 ml. of concentrated 
sulfuric acid per liter of solution); Mallinckrodt’s sulfuric acid, low N, e. p., 
analytical reagent, has been satisfactory. Difficulty has been encountered 
with another grade of sulfuric acid. 

Reagent B. This reagent is prepared in Dr. Willard M. Allen’s labora- 
tory in the following manner: 5.6 ml. of water are added to 90 ml. of 95 
per cent ethanol. To 50 ml. of this alcoholic solution are added 200 ml. of 
concentrated sulfuric acid (Mallinckrodt’s low N, e. p., analytical reagent). 

Sulfuric acid. 15 N, standardized; prepared from Mallinckrodt’s low N, 
c.p., analytical reagent. 

Benzene. Mallinckrodt’s analytical reagent, thiophene-free; redistilled 
through a Vigreux column. 

Concentrated hydrochloric acid. Baker's analytical grade, e. p. 

Ether, petroleum. Mallinckrodt’s, b. p. 30-60°; redistilled through a Vi- 
greux distilling column. 

Sodium phosphate, dibasic, anhydrous, Mallinckrodt’s analytical reagent. 

Sodium hydroxide, 1 N. 

Sodium hydroxide, 0.1 N. 

Ether. Mallinckrodt’s analytical reagent, anhydrous, freshly distilled 
each day through a Vigreux distilling column. 

Ethanol. U. S. P., distilled through a 47 cm. Vigreux distilling column. 

B-Glucuronidase (bacterial). Sigma Chemical Company. 


EXPERIMENTAL 


Critical studies have been made on numerous details involved in this 
method. Selected experiments which have a particular bearing on the 
procedure are summarized in the following sections. 

Optimal Conditions for Production of Fluorescence—Our investigations 
indicate the optimal time of heating the estrone or estradiol-sulfuric acid 
mixture at 100° to be 4 minutes. If heated longer than 4 minutes, the 
amount of fluorescence decreases, owing evidently to destruction of the 
fluorescent compound. We concur with Jailer (1) that with estrone and 
estradiol 70 volumes per cent of sulfuric acid produce the greatest fluores- 
cence. For estriol, however, an alcoholic sulfuric acid mixture (Reagent 
B) is the reagent of choice since estriol, when heated in the presence of 
Reagent B, yields approximately 15 times the amount of fluorescence ob- 
tained when estriol is heated in the presence of Reagent A. 

Fluorescence Due to Non-Specific Materials—Contained in the reagents 
and to a lesser extent in the plasma extracts are non-specific materials 
which, when heated in the presence of sulfuric acid, also fluoresce. It was 
found that distillation of the benzene, ether, and alcohol through a 47 cm. 
Vigreux distilling column markedly reduced the fluorescence reading of the 
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reagent blank. Inspection of the fluorescence spectra shown in Fig. 1 
demonstrated that the “blank” cannot be differentiated by optical means, 
as is attempted in the Jailer (1) procedure, since the estrogen fluorescent 
compound and the non-specific fluorescent compound exhibit fluorescence 
in approximately the same spectral region. 

From Fig. 1 it is quite evident that the fluorescence due to the non-speci- 
fic fluorescent compound is quite minimal at high concentrations of es- 
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Fic. 1. Spectrum of fluorescence of (Curve 1) estrone fluorescent compound (2 +), 
(Curve 2) the estradiol fluorescent compound (2 7), (Curve 3) the estriol fluorescent 
compound (8 Y), and (Curve 4) the non-specific fluorescent product from the reagent 
blank. Each fluorescent compound was developed with Reagent A. Unfortu- 
nately, after the initiation of the use of Reagent B with estriol, the apparatus for 
accurate plotting of the spectrum of fluorescence was no longer available. However, 
experiments in which combinations of glass filters were used as a ‘“‘monochromator” 
in lieu of a diffraction grating indicated that the spectrum of fluorescence of the 
estriol fluorescent compound in Reagent B was identical with that in Reagent A. 


trogens. If, however, the concentration of the estrogen is decreased by a 
certain factor, the relative fluorescence due to the non-specific fluorescent 
compound assumes added significance. 

During the course of our investigations we learned that both the reagents 
and the plasma contribute substances which quench to a greater or lesser 
degree the estrogenic fluorescent compound. Residues of plasma extracts 
on reaction with alcoholic sulfuric acid (Reagent B) often tend to form 
colored solutions. It was noted also that these same residues when heated 
in the presence of aqueous sulfuric acid yield colorless, clear solutions. It 
was found that the addition of an equal volume of water to the Reagent B 
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mixture, following the development of the estriol fluorescent compound, 
results in the immediate destruction of the majority of the colored sub- 
stances and, concomitantly, a destruction of a very large percentage of the 
substances which quench the estriol fluorescent compound. However, the 
addition of water to Reagent B does not immediately result in the quench- 
ing of the estriol fluorescent compound. After a period of 5 to 10 minutes, 
the amount of fluorescence due to the estriol fluorescent compound begins 
to decrease. 

We have been considerably aided in the determination of the amount of 
fluorescence due to each component, i. e., the estrogen fluorescent and non- 
specific fluorescent compounds, by the observation that following the addi- 
tion of hydrogen peroxide to the fluorescent mixture the amount of fluores. 
cence decreases with time. We have found the reaction similar to that 
which occurs when hydrogen peroxide is added to the Kober compound 
(2). Since ceric salts also decrease the fluorescence in a similar manner, 
we believe the destruction to be oxidative. We have observed that at the 
end of 10 minutes, after the addition of hydrogen peroxide, virtually all of 
the fluorescence due to estrone or estradiol has disappeared, while that due 
to non-specific material remains. The estriol fluorescent compound is de- 
stroyed by hy n peroxide within 1 minute. 

One of the most significant factors for the success of the entire procedure 
was found to be the degree of freshness and purity of the ether. Presum- 
ably peroxides are the culpable compounds, even though present in such a 
minimal concentration that they cannot be detected by the potassium 
iodide-starch reaction. For this reason we have used only freshly distilled 
ether in our procedure. When not in use, it is also advisable to place the 
ether container in the refrigerator in order to retard peroxide formation. 
In this respect, we have found it necessary to complete the entire procedure 
in 1 day. 


Procedure 


To our knowledge there are at least five naturally occurring estrogens 
which may be present in the plasma: estrone, estradiol, estriol, sodium 
estrone sulfate, sodium estriol glucuronidate. The procedure is devised 
for the determination of the unconjugated forms of estrogen. The pro- 
cedure for the determination of free estriol, estrone, or estradiol is given in 
the accompanying flow chart. 

For our measurements of fluorescence we have employed a Farrand 
fluorometer. The primary filter is Corning Filter 5113 and the secondary 
filters are Corning Filters 4303, 3384, and 5031. The yellow Filter 3384 is 
placed between Filters 4303 and 5031. A standard must be prepared each 
day from a stock solution containing a known concentration of estriol. 
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The micrograms of estriol used in the standard should compare approxi- 
mately with the range of concentration expected in the plasma. In our 
experience a 0.1 y standard is a very convenient and virtually optimal 
concentration. With the Farrand fluorometer the sensitivity is adjusted 
in each case so that the standard reads 100. 

Calculation of the amount of estriol present in 10 ml. of plasma is made 
in the following manner. 


Taste I 
Recovery of Known Amounts of Estrogen when Added to 10 MI. of Plasma 


Amount added | Range 
7 7 7 
Estriol 0.0 8 0.089 + 0.003 0.0380 -0.057 
0.05 8 0.045 + 0.004 0.0385-0.051 
0.5 10 0.458 + 0.026 0.425 -0.506 
3.0 14 4.65 & 0.265 4.25 -6.1 
Estrone 0.0 8 0.031 + 0.01 0.018 -0.048 
0.08 8 0.047 & 0.004 | 0.041 -0.054 
0.8 6 0.476 + 0.013 | 0.46 -0.50 
8.0 8 4.52 4 0.31 4.12 4.88 
Estradiol 0.8 7 0.441 & 0.032 | 0.39 0.8 
| 5.0 7 4.39 + 0.22 4.1 -4.75 
Sodium estrone 0.75 6 0.609 & 0.086 | 0.87 0.678 
sulfate 78 | 6© | 64 40 | 68 J. 
Sodium estriol glu- 0.85 6 0.716 4 0.082 0.66 0.78 
curonidate 8.5 10 7.56 0.81 6.9 8.5 
* With standard deviation 
Substitution is made in the formula 


50 (A — T) 
* — XG X (4) = amount present (in micrograms) 


in which B and A are the same as previously outlined (A is the fluorescence 
reading of one-half the sample, and B the fluorescence reading of one-half 
the sample plus an amount of estriol equal to the amount present in the 
standard). T is the reading after the addition of hydrogen peroxide to A, 
and S is the amount of estriol in the standard (expressed as micrograms). 
This, of course, reduces to 


= amount present in 10 ml. plasma (in micrograms) 


The results from recovery experiments when 5.0, 0.5, and 0.05 7 quanti- 
ties of estriol were added to 10 ml. of plasma are shown in Table I. 
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The amount of estrone or estradiol present in 10 ml. of plasma is caleu- 
lated by substitution in the formula 


= 


(D — C) 100 ml. plasms 
in which D is the fluorescence reading of one-half the sample plus an 
amount of estrone equal to one-half the amount present in the standard, 
C is the fluorescence reading of one-half the sample, T is the reading after 
the addition of hydrogen peroxide, and S is the amount of estrone or 
estradiol in the standard (expressed in micrograms). Since no water is 
added to these samples, the expected difference between D and C is 50. 
This expression reduces to 
S(C — T) 
(D — C) 
Results on recovery experiments when 5.0, 0.5, and 0.05 y quantities of 
estrone and estradiol were added to 10 ml. of plasma are shown in Table 
I 


= micrograms estrone or estradiol present in 10 ml. plasma 


In order to determine scdium estrone sulfate and sodium estriol glu- 
curonidate quantitatively hydrolysis is necessary prior to extraction. The 
hydrolytic procedures are as follows: 

Conjugated Estrone—Our attempts to hydrolyze sodium estrone sulfate 
in plasma with the enzyme phenolsulfatase contained in Mylase P were 
unsuccessful. Only partial hydrolysis was obtained. The enzyme worked 
very effectively in buffered water solution. Presumably the enzyme is 
inactivated by plasma constituents. We found, however, that sodium 
estrone sulfate is very easily hydrolyzed in the presence of 15 volumes per 
cent of hydrochloric acid. 45 minutes of hydrolysis at 60° yielded ap- 
proximately 90 per cent hydrolysis. Therefore, to 10 ml. of plasma con- 
tained in a 50 ml. centrifuge tube are added 2.5 ml. of concentrated hydro 
chloric acid. (In a 10 ml. plasma sample approximately 0.8 ml. of concen- 
trated hydrochloric acid is required for the interaction with plasma 
proteins.) After incubating for 40 minutes at 60° the tubes are cooled and 
extracted two times with 15 ml. of ethyl ether, with centrifugation after 
each extraction. The procedure from this point is identical with the pro 
cedure for the unconjugated estrone. The results in recovery experiments 
are shown in Table I. 

Conjugated Estriol—In our hands the hydrolysis of sodium estriol glu- 
curonidate in plasma with acid has yielded at best only 33 per cent re 
covery. Fortunately bacterial 6-glucuronidase can be used very succest 
fully for the hydrolysis of the estriol glucuronidate in plasma. We have 
simply added 100 mg. of glucuronidase to 10 ml. of plasma plus 2 drops d 
chloroform as a preservative and incubated for approximately 24 hours at 
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38°. After cooling the flask, the procedure is, of course, identical with that 
for the determination of free estriol. The results of recovery experiments 
are shown in Table I. 


DISCUSSION 


During the initial stages of development of this procedure we could at 
best only conjecture as to the concentration of estrogen in plasma. Hence, 
an arbitrary amount of 5.0 y was added to the plasma and an attempt made 
to recover the added estrogen quantitatively. After having established the 
reliability of the procedure for the recovery of 5.0 y quantities of estrone, 
estradiol, and estriol, we attempted to recover 0.5 7 quantities of estrone, 
estradiol, and estriol from 10 ml. of plasma. 

In this stage of development we observed that plasma kept either in a 
refrigerator or at room temperature contained a substance which quenched 
the estrogen fluorescent compound and also contributed greatly to the non- 
specific fluorescence. It was discovered that if strictly fresh plasma was 
utilized we could successfully recover from plasma with significant accuracy 
not only 0.5 y quantities but 0.05 y quantities of the added estrogens. 
Presumably the interfering compounds are lipides which are released at a 
slow but rather constant rate from the large lipoprotein molecules found 
in plasma (5). 

The control values of free estriol and estrone or estradiol in Table I 
represent values found in plasma obtained from normal males and females. 
Unfortunately, it was very often necessary to pool male and female plas- 
mas; hence figures showing the normal male and the normal female con- 
centrations are not available. Three determinations were made on preg- 
nancy plasma, one 7 month pregnancy and two 8 month pregnancies. 
The results, given in Table II, indicate that the concentration of unconju- 
gated estrogens is 4 to 5 times greater in pregnancy plasma than in normal 
plasma. Studies on plasma concentrations of sodium estrone sulfate and 
sodium estriol glucuronidate have not been completed. 

Contrary to the findings of Werthessen ef al. (6), we were unable to 
substantiate the loss of estrone upon incubation in plasma. We have per- 
formed experiments in duplicate in which we added 1.0 Y of estrone, estriol, 
and estradiol to several samples of plasma and have in each case been able 
to recover approximately 95 per cent of the added amount. It is conceiv- 
able that by polarographic means Werthessen et al. were not measuring 


enzymatic destruction of estrones but rather protein binding. 


Roberts and Szego (7, 8), on the basis of work done with globulin frac- 
tions and one sample of pregnancy blood, believe that the only estrogen 
present in human plasma is estriol. We have consistently obtained analy- 
tical evidence for the presence of unconjugated estrone or estradiol in sam- 
ples of human plasma by the procedure described in this paper. 
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Taste II 
Determination of Estriol and Estrone on Pregnancy Plasma 
Duration of pregnancy Fluorescence readings _ — SS Fluorescence readings Amount 
ered 10 ml. — — ered 10 mi. 
4 Tr i B | 4 | D 
7 50 12 103 0.16 40 7 91 0.33 
8 33 27 45 0.10 28 7 78 0.21 
* Standard = 0.1 y+. 
Standard = 0.5 y. 
SUMMARY 


A fluorometric method for the determination of estrogens in plasma has 
been described. The method is based on the development of fluorescence 
when estrogens are heated in the presence of sulfuric acid. Data on the 
analytical recoveries of estrogen added to plasma are presented. The 
utility of the method for the determination of estrogens in plasma has been 
demonstrated. 


The author is indebted to Dr. G. H. Dieke and Dr. H. M. Crosswhite of 
the Department of Physics of The Johns Hopkins University for their 
technical assistance in the determination of the spectra of fluorescence of 
the several estrogens. For a description of the apparatus employed see 
Dieke and Crosswhite (9). 

The author wishes to express his gratitude to Dr. Willard M. Allen, 
Professor of Obstetrics and Gynecology at Washington University School 
of Medicine, and to Dr. J. Logan Irwin, formerly of the Department d 
Physiological Chemistry at The Johns Hopkins University, School of Med- 
icine, for their counsel and encouragement. 

We are indebted to the Ciba Pharmaceutical Products, Inc., for the 
estradiol, to the Schering Corporation for the estrone and estriol, to Ayerst, 
McKenna and Harrison, Ltd., for the sodium estrone sulfate and for the 
sodium estrone sulfate buffered with 50 per cent dibasic phosphate, and to 
Dr. Willard M. Allen for the sodium estriol glucuronidate. 
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FATTY ACID OXIDATION BY A SOLUBLE ENZYME SYSTEM 
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(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, August 28, 1952) 


Difficulties in obtaining cell-free tissue preparations which would oxidize 
fatty acids (2) retarded studies of the mechanism of fat metabolism in 
contrast to the advances in the field of carbohydrate metabolism. More 
rapid progress has been made since the discovery of Leloir and Mufioz 
(3, 4) that fortification of washed liver particles with inorganic phosphate, 
fumarate, cytochrome c, adenylic acid, and magnesium ions resulted in 
oxidation of short chain fatty acids. Lehninger (5, 6) demonstrated the 
important réle of adenosinetriphosphate (ATP) in activating fatty acid 
oxidation and concluded that the efficacy of Leloir’s cofactors resulted 
from their support of oxidative phosphorylation which would generate 
ATP (6). He also observed a special case of activation, namely the one- 
step oxidation of a-ketoglutarate to succinate (6). Later, Lehninger and 
Kennedy demonstrated that ATP was not a sufficient activator for fat 
oxidation by saline-washed residues which had been treated with water (7). 
In such preparations simultaneous oxidation of malate, oxalacetate, or 
dihydrodiphosphopyridine nucleotide (8) was necessary to initiate fatty 
acid oxidation to the stage of acetoacetate. Oxidation of a-ketoglutarate 
in the presence of malonate was not capable of replacing malate oxidation 
in the activation of this system. Knox, Noyce, and Auerbach (9), using 
a particulate enzyme system from rabbit kidney (10) whose preparation 
and properties were similar to the one employed originally by Lehninger 
(6), also were led to conclude that simultaneous oxidation of a tricarboxylic 
acid cycle intermediate was required both for the “primary activation of 
the fatty acid which is not duplicated by ATP” and for subsequent disposal 
of the 2-carbon units by way of the cycle. The requirements of the washed 
liver residues for octanoate oxidation are more exacting than those of liver 
mitochondria prepared in sucrose. The latter particles oxidize fatty acids 

* The work reported was supported by grants from the Nutrition Foundation and 
the United States Public Health Service. Preliminary reports were presented be- 


fore the Federation of American Societies for Experimental Biology, New York, 
April, 1952 (1), and at the Symposium on phosphorus metabolism, Baltimore, June, 
1952 
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to acetoacetate without addition of tricarboxylic acid cycle intermediates, 
even in the presence of 0.01 M malonate (11, 12). 

Since this wide divergence of results seemed to hinge on the state of 
discomposition of the original cellular structure, it appeared necessary to 
obtain soluble preparations of the enzymes involved before the mechanism 
of fatty acid oxidation could be elucidated. 


EXPERIMENTAL 


Methods—Acetoacetate (13), citrate (14), and hydroxamie acids (15) 
were determined by the methods cited. The latter was adapted to a final 
volume of 3 ml. Ascorbic acid was used to standardize 2 ,6-dichlorophendl 
indophenol solutions. Protein was measured by Kjeldahl N determination 
and by the method of Stadtman et al. (16). 

Preparation of Enzyme Exztract—Mitochondria were prepared from rat 
livers in isotonic sucrose by the method of Schneider (17). The twice 
washed mitochondria were suspended in a small amount of isotonic sucrose 
and homogenized with a large glass, Potter-Elvehjem homogenizer into 
20 volumes of cold acetone (—10°). The protein precipitate was separated 
by centrifugation at —5 to —10° and rehomogenized into an additional 2 
volumes of cold acetone. After centrifugation, the residue was suspended 
in 20 volumes of cold, anhydrous, peroxide-free ether and centrifuged. The 
precipitate was rapidly spread in thin layers on filter paper and dried at 
room temperature (about 5 minutes). The light tan powder thus obtained 
was stored at —10°. 100 gm. of rat liver yield about 4.0 gm. of mitochon- 
drial acetone powder by this procedure. The soluble enzymes were pre. 
pared by extracting 0.5 to 0.7 gm. of acetone powder with 10 ml. of H,O d 
dilute neutral buffer for 30 minutes at 0°. In early experiments the in- 
soluble material was removed by centrifugation of the extract at 13,00 
x g for 30 minutes at 0°. These extracts were sometimes found to be 
rather turbid when viewed by reflected light. However, perfectly clear 
yellow extracts of undiminished activity were obtained by centrifugation 
at 80,000 X g for 30 minutes at 0°, and this is the standard procedure 
adopted. 

The enzymatic activity of extracts prepared as described above was 
stable to lyophilization and to freezing. Extracts which were stored in 
the frozen state and thawed repeatedly for use lost activity slowly overs 
period of several weeks. Dialysis of the extract by usual procedures against 
dilute neutral buffer either in the presence or absence of protective protein 
(bovine plasma albumin) resulted in rapid diminution of activity. How- 
ever, the enzymatic activity of the extract was stable to brief anaerobit 
dialysis carried out as follows: The dialysis bag containing the extract was 
tied to a Teflon-covered magnetic stirring bar and placed in a glass-stop 
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pered Erlenmeyer flask large enough to hold 20 times the volume of enzyme 
solution to be dialyzed. While a continuous stream of N, (Linde, highest 
purity) flowed through the flask, ice-cold 0.02 m PO, or tris(hydroxy- 
methyl) aminomethane (Tris) buffer (pH 7.4), which had been previously 
purged with Nz, was added and the flask was immediately closed. The 
flask was then placed in an ice bath on a magnetic stirrer; rotation of the 
bar and bag gave efficient stirring of the solution. After 1 hour the buffer 
was changed and the dialysis was continued for 1 to 2 hours. Dialysis 
served not only to decrease the endogenous activity of the preparation, 
but also removed a small amount of retained acetone which interfered with 
the colorimetric determination of acetoacetic acid. 

Assay of Enzymatic Activity—Development of an assay method for de- 
termining the activity of fatty acid dehydrogenase presented very great 
difficulties. Initially a method was used which utilized spectrophotometric 
measurement of ferricyanide or 2,6-dichlorophenol indophenol reduction 
by the enzyme in the presence of buffer, MgCl:, and ATP with caprylate 
as substrate. It developed that the large amount of oxidant which was 
initially added in these assays strongly inhibited the enzyme and that the 
rates of reduction obtained were valueless. To circumvent the inhibition 
by large amounts of electron acceptor, a method was developed in which 
the dye was titrated into the reaction mixture only as rapidly as it was 
reduced by the enzyme. In this method, 6 um of KPO, buffer, 3 um of 
MgCl., 3 um of ATP, 2.5 mg. of bovine plasma albumin, I us of caprylate, 
and 5 to 10 mg. of enzyme protein are combined in a 5 ml. beaker and made 
up to a volume of 0.7 ml. The solution is stirred with a small glass-covered 
magnetic stirring rod and 2,6-dichlorophenol indophenol solution contain- 
ing 5 um of dye per ml. is added from a micro burette at a rate sufficient to 
maintain a very pale blue tinge in the solution. The quantity of dye 
solution added per minute is recorded. From the results of a typical 
experiment with a dialyzed extract, shown in Fig. 1, it may be seen that 
the rate is essentially constant over the 10 minute interval, and that the 
rate of dye reduction in the absence of added substrate is about one-quarter 
of that observed in its presence. 

The net rate of dye reduction is linearly related to the enzyme concen- 
tration over a restricted range (Fig. 2). The marked decrease of activity 
at the lowest level may result from dye oxidation of the small amount of 


enzyme. 

Although phosphate buffer is routinely used, the presence of appreciable 
amounts of inorganic phosphate is not essential since Tris buffer could be 
substituted for phosphate during dialysis and in the assay system without 
any effect on the enzymatic activity. No requirement for Mg“ could be 
demonstrated, but it is routinely added because of the general requirement 
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of ATP-utilizing enzymes for this metal (18). Bovine plasma albumin § 
serves as a stabilizer; if it is omitted, particularly with dialyzed prepara- § yj 
tions, the reaction rate generally decreases after the first 5 minutes. cet 
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Fic. 1. Rate of dye reduction by soluble fatty acid oxidase. S, in the presence 30 
cf caprylate; E, endogenous. Conditions as described in the text. : 


Fia. 2. Rate of dye reduction as a function of enzyme concentration. — 
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Activation of Fatty Acid Oxidation by ATP—If ATP was omitted from the hibit 
reaction mixture, no net dye reduction occurred in the presence of substrate. shes 
Adenosinediphosphate (ADP) was able to substitute for ATP when added 
in large amounts (3 um), but was much less effective than ATP when limit- 8 
ing amounts of adenine nucleotide were used (Fig. 3). 3 uu of ATP, hyd: 
3 um of ADP, and 0.1 au of ATP were all equally effective in maintaining 
the maximal rate of the reaction, but 0.2 um of ADP (equivalent in high 
energy phosphate by the myokinase reaction to 0.1 um of ATP) was very had 
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much less effective. With 0.05 um of ATP the rate was sustained for 3 
minutes, after which it fell to the endogenous level; with 0.025 um the con- 
centration of ATP was apparently limiting from the outset, since the 
reaction proceeded slowly and only for a brief interval; in both cases the 
reaction began again if an additional quantity of ATP was added. Aden- 
osine-5-phosphate was completely inactive in this system. 

The enzyme extract contains adenylate kinase (myokinase), and the 
presence of this enzyme may account for the ability of large amounts of 
ADP to substitute for ATP. The good initial activity with a sharp break 
which is observed with limiting quantities of ADP is perhaps more sug- 
gestive of contamination with small amounts of ATP than of myokinase 
action. 

Because it has been reported that F inhibits the myokinase of liver 
particles (13), we have attempted to inhibit activation of fatty acid oxida- 
tion by ADP with this agent. Over a range of ADP levels from 0.1 to 
3.0 um, F. was found to inhibit ADP activation no more than it inhibited 
activation with corresponding amounts of ATP. Fluoride does not in- 
hibit fatty acid oxidation in this soluble system except at high concentra- 
tions, about 40 per cent inactivation being obtained with 0.1 m fluoride. 

The net dye reduction (0.26 um) which occurred in the presence of 0.05 
um of ATP corresponds to the oxidation of about 0.04 um of caprylate, a 
value which is in satisfactory agreement with a postulated stoichiometry 
of 1:1 between fatty acid and ATP. The stoichiometric nature of the 
reaction is further indicated by the observation that halving the ATP 
level (to 0.025 um) caused the dye reduction to be decreased to precisely 
the same extent (0.13 um). These data indicate that the successively 
shorter fragments of the fatty acid resulting from the cleavage of the 
terminal 2-carbon fragment do not require additional activation. They 
also indicate that the activated 2-carbon fragment is not able to activate 
a new molecule of substrate in this system, since, if this were occurring, 
ATP would function catalytically instead of stoichiometrically. 

It has been observed that, although ATP is essential for the reaction, it 
is distinctly inhibitory when present in excessive concentrations (Table I). 
Increasing the amount of ATP from 1.5 to 12 um caused a 50 per cent in- 
hibition of the rate of dye reduction. As shown also in Table I, dinitro- 
phenol was not inhibitory at 3.0 X 10~ u, even when the ATP concentra- 
tion was very low. 

Study of “Acyl-Activating Enzyme” with Hydroxylamine—The effect of 
hydroxylamine on the course of butyrate oxidation in Clostridium kluyveri 
extracts (19) prompted a study of the effect of this agent in the animal 
enzyme system. Hydroxylamine at low concentrations (0.01 to 0.02 N) 
had no effect on the reaction, but it was moderately inhibitory at high 
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124 FATTY ACID OXIDATION 
concentrations (i. e., 0.1 u). It was observed, however, that when fatty 
acid oxidation was carried out in the presence of 0.1 u hydroxylamine an 
appreciable amount of hydroxamic acid could be detected in the reaction 
mixture. 

To determine whether this hydroxamic acid might arise from the sub- 
strate of the reaction as well as the product, caprylate was incubated 
anaerobically with hydroxylamine and the other components of the reac. 
tion medium in the absence of dye, and hydroxamic acid was observed to 
be formed under these conditions also. A reaction mixture was prepared 
and chromatographed by the technique of Stadtman and Barker (20) for 
the separation of acyl hydroxamic acids. This revealed one spot which 
corresponded in Ry, to caprylohydroxamic acid. To measure the hy- 


I 
Influence of ATP Concentration and of Dinitrophenol on Fatty Acid Oxidation 
Dye reduced per min. 
Experiment No. ATP 
+3 X 10°*u DNP 
uM aM aM 
1 12 0.086 
6 0.120 
3 0.154 0.151 
1.5 0.162 0.179 
2 0.1 0.089 0.094 
0.05 0.084 0.078 


droxamic acid-forming enzyme, an assay system was set up containing 20 
um of KPO, of pH 8.1, 15 um of MgCl, 12 um of ATP, 10 um of cysteine, 
8 units of coenzyme A (CoA), 5 um of caprylate, 100 um of hydroxylamine, 
enzyme, and H:O to a final volume of 1.5 ml. The samples were incu- 
bated for | hour at room temperature. The amount of hydroxamic acid 
formed was found to be a linear function of the time of incubation over 
the 1 hour interval. The influence of enzyme and hydroxylamine con- 
centration on the reaction is shown in Table II. It is noteworthy that the 
reaction is strongly dependent upon the hydroxylamine concentration. A 
similar situation has been found by Chou and Lipmann (21) in partially 
purified preparations of the acetate-activating enzyme from pigeon liver. 
These authors have concluded that this behavior results because the reae- 
tion of hydroxylamine with the acyl CoA is not enzymatically catalyzed. 

A study of the requirements of the “activating” system is presented in 
Table III. No hydroxamic acid was formed in the absence of fatty acid 
or ATP. ADP was able to substitute for ATP in this reaction, but even 
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less effectively than in fatty acid oxidation. Because of the similarity of 
this activating reaction to the ATP-acetate reaction, it would be expected 
that CoA would be involved (22). Omission of this cofactor had no dele- 
terious effect in the crude extract. Removal of the CoA from the enzyme 
preparation by treatment with Dowex | under the conditions of Chan- 


Taste II 
Hydroramic Acid Formation As Function of Enzyme and Hydrozylamine 
Concentration 
Enzyme protein | OH Hydroxamic acid formed 
9.4 0.013 0.17 
9.4 0.027 0.32 
9.4 0.067 0.60 
4.7 0.067 0.28 
Taste III 
Requirements of Hydrozamic Acid-Forming Enzyme 
Experiment Enzyme ATP abr c CoA | —1— 
| | | wu 
Untreated extract + 6 
és + — — | + | + 0.05 
sé ‘ + — | — + 1.1 
2 + | | + + 0.7 
0.2 
| Dowex 1-treated extract X X 0.1 
40 40 46 | + * | + | — 0.7 


— — 


Quantities given in the text; 6 u of ADP were added where indicated. 
trenne and Lipmann (23) resulted in complete loss of activity, which was 
largely restored by the addition of CoA concentrate’ and cysteine. 

Since hydroxamic acids are formed in systems such as this one, appar- 
ently by the cleavage of acyl CoA with hydroxylamine (22), the occurrence 
of this reaction in the enzyme extract suggests that the “activation” or 
“priming” of fatty acid oxidation is the formation of the acyl CoA high 
energy compound, and that it is the reaction described here by which 
ATP is able to initiate fatty acid oxidation in particulate preparations. 


‘We are indebted to Dr. W. M. Govier of The Upjohn Company, Kalamazoo, 
Michigan, for supplying this material. 
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However, the possibility exists, of course, that the enzymes for this reae. 
tion are merely fortuitously present in the extracts. 

To determine whether the acyl-activating activity is correlated with the 
fatty acid-oxidizing activity of the preparation, the ability of the extrae 
to activate and oxidize a variety of substrates was compared. The results 
of such experiments are summarized in Table IV. 


Tasie IV 


Relative Rates of Dye Reduction, Substrate Oxidation, and H ydrozamic Acid Formatia 
from Various Acids 


Per cent of rate with caprylate as substrate 


— 


— 


Substeate Substrate | Hydrozamic 
.. 57 0 10-20 
5t 0 10-20 
0 0 10 
Isobutyrate. 65- 75 194-220 35-40 
Valerate.... 38 110 
ͤ ˙eU 13 25 35 70 
75-120 110-176 110 
̃ 95-100 59 
Palmitate 25- 45 12- 18 
17 24 9 


* The observed value of 0.1 au, the limit of detection. 
Within the limit of detection of the method, in this case 0.005 um of dye reduced 


per minute. 


A qualitative correlation of the two reactions emerges from a compat- 
son of the behavior of vinyl acetate, crotonate, and g-hydroxybutyrate 
with the behavior of the saturated acid, butyrate. Vinyl acetate, cro 


tonate, and g-hydroxybutyrate, which are thought to resemble the inter 
mediates in the £-oxidation of butyrate, do not reduce dye appreciably in 
this preparation, nor do they form significant amounts of hydroxamit 
acids in the activation system, whereas butyrate is rapidly oxidized and 
yields a significant quantity of acyl hydroxamic acid in the activation re 
These results suggest that the failure of vinyl acetate, erotonate 
and 6-hydroxybutyrate to act as “true intermediates” (i.e., equilibratia 
in isotope studies (24)), does indeed result from poor equilibration bet wee 
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them and their activated (acyl CoA) forms which may be the true inter- 
mediates (25). 

Acetate, as might be expected from its comparative metabolic lethargy 
in rat liver (26), is not appreciably activated. The behavior of the enzyme 
in this regard contrasts with the high acetate-activating ability of the ex- 
tracts of pigeon liver acetone powder studied by Lipmann and Tuttle (27). 

The straight chain fatty acids with even numbers of carbon atoms from 
Ci to Cy all reduce dye at comparable rates and form appreciable quanti- 
ties of hydroxamic acids in the activating system. Palmitate and stearate 
are oxidized slowly; no attempt was made to measure hydroxamate forma- 
tion from these acids. The branched acid, isobutyrate, is activated and 
oxidized at a rate comparable to that of its straight chain isomer. Valerate 
and isovalerate are oxidized sluggishly but unequivocally in this system 
also. 
Reaction of Activated Substrates and Product with Hydrorylamine—The 
rate of hydroxamic acid formation in the anaerobic system was rather 
slow, slightly more than 1.0 um being formed per hour. This rate seemed 
to be somewhat smaller than that obtained in the oxidative system, in 
which about 0.3 ust of hydroxamic acid was formed by an equal amount 
of enzyme in a 10 minute interval. This observation indicated that in 
the oxidative system hydroxamic acid arose in large part from the product 
of the reaction rather than from the substrate. To test this possibility 
the reaction was run on a large scale (5 times the usual quantities of all 
reaction components) and the products were prepared and chromato- 
graphed on paper by the method of Stadtman and Barker (20). A spot 
was found which had the same Ry, as that of synthetic acetohydroxamic 
acid, but no spot corresponding to the Ry, of caprylohydroxamic acid was 
detected. 

To confirm the production of acetohydroxamic acid from the oxidation 
of fatty acid, caproate-1-C™ was oxidized in the presence of hydroxylamine, 
and the reaction mixture submitted to paper chromatography. After the 
paper was sprayed and the spots marked, it was cut into cm. squares down 
the lane which the material traveled and the individual squares were 
counted under a thin window Geiger tube. The results are shown graphic- 
ally in Fig. 4. The radioactive peak which occurs near the solvent front 
is due, at least in part, to the radioactive caproate added. An additional 
large radioactivity peak at Rp = 0.4 corresponds to the ferric acetohydrox- 
amate spot and shows unequivocally that the acetohydroxamic acid does 
arise from the substrate oxidized. A detectable quantity of radioactive 
acetohydroxamic acid was produced in the control, in which the reaction 
mixture was incubated in air without 2 ,6-dichlorophenol indophenol. This 
suggests that the enzyme is able to utilize to a limited degree some electron 
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transport mechanism which it contains for the oxidation of fatty acids, 
The chromatogram of the sample in which caproate-C™ was oxidized in 
the presence of NH-: OH shows a small but definite radioactivity peak near 
the origin (R, = 0.13) which has not been identified. When these experi- 
ments were undertaken, there was some reason to hope that the hydroxyl- 
amine reaction might reveal other intermediates in the fatty acid oxida- 
tion, but so far this has not proved to be the case. 

Acetoacetate Production All of the straight chain acids with even num- 
bers of carbon atoms listed in Table IV give rise to greater or lesser amounts 
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Fic. 4. Paper chromatography of reaction mixtures incubated (without dye) 
and oxidized (with dye) in the presence of hydroxylamine. The solid areas indicate 
the positions of positive tests for acyl hydroxamic acid; the one at top of chart is 
authentic acetohydroxamic acid. Incubations were for 10 minutes. 


of acetoacetate as product of the reaction. The amount of acetoacetate 
formed is, obviously except butyrate, generally in excess of | molecule per 
molecule of fatty acid oxidized (calculated from the net dye reduction), 
but is not large enough to suggest that complete recombination of the 
2-carbon fragments produced by the fat oxidase occurs. 

To obtain decisive evidence that fatty acid oxidation to acetoacetate was 
occurring in these preparations and to determine whether equilibration 
between the halves of acetoacetate occurred, C-l-icbeled butyrate and 
caproate were oxidized under various conditions. At the conclusion of the 
reaction, the solutions were deproteinized with perchloric acid, aliquots 
removed for acetoacetate analysis, and 500 um of acetoacetic acid added 
as carrier; the acetoacetate was then degraded with aniline citrate accord- 
ing to the procedure described by Plaut and Lardy (28). Acetone dinitre 
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phenylhydrazone samples were recrystallized to constant specific activity. 
Table V shows that in this system caproate-1-C™ vields acetoacetate which 
is labeled in both the carbonyl and carboxy! portions, the labeled ratio be- 
ing 0.7. Butyrate behaves similarly, giving, in this experiment, a C=O: 
COOH ratio of 0.5. The label ratios obtained are comparable to those 
observed by other workers in a variety of more complex systems ranging 
from liver slices to isolated mitochondria (29. 30), but are in contrast to 
the results obtained with butyrate oxidation in extracts of C. Aluyveri in 
which no randomization of the label is observed (19). 

Other Enzymatic Activities in Crude Extract—In addition to the ATPase 
and myokinase previously mentioned, the enzyme extract has been found 
by direct assay to contain glutamic dehydrogenase, succinic dehydrogen- 
ase (31), malie dehydrogenase, diphosphopyridine nucleotide (DPN) cyto- 
chrome reductase,’ the citrate-condensing enzyme (32), and the acetoace- 
tate-condensing enzyme (33, 34). Since the two latter enzymes are of 


TaBLe V 
Distribution of Label in Aceloacetate Formed from Butyrate and Caproate-1-C™ 
Caproate-1-C™............... 2.3 4650 6350 0.7 
˙ 3.4 1600 3000 0.3 


— — — — - — — — ——— — 


primary importance in the disposal of the 2-carbon fragments from fatty 
acid oxidation, they have been studied in some detail. 

When assayed according to Ochoa et al. (32), the extracts were found to 
contain generally about 1 unit of citrate-condensing enzyme per mg. of 
protein (1 um of citrate per 10 minutes = | unit). 

A test system modified from that of Stadtman ef al. (34) was used for the 
acetoacetate-synthesizing enzyme. 25 um of phosphate buffer at pH 8.1, 
7 um of MgCle, 5 um of cysteine, 8 units of CoA, Escherichia coli trans- 
acetylase (32) 0.15 ml., 25 ua of dilithium acetyl phosphate, and 3 to 8 mg. 
of enzyme protein were made to a volume of 1 ml. and incubated at room 
temperature for 30 minutes. Under these conditions a typical extract 
produced 0.15 um of acetoacetate per mg. of protein in 30 minutes. The 
amount of acetoacetate formed was a linear function of the quantity of 
enzyme added over the range of 1.5 to 8 mg. of protein per ml., and of the 
time of reaction over a 30 minute interval. 

Utilization of 2-Carbon Fragments from Fatty Acids for Citrate Synthesis— 


? Drysdale, G. R., and Plaut, G. W. E., unpublished data. 
+ Edelhoch, II., private communication. 
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An attempt was made to couple the fatty acid-oxidizing enzyme with the 
citrate-condensing enzyme which was present in the preparations, by add. 
ing oxalacetate to the reaction mixture. The results are shown in Table 
VI. When caprylate was oxidized in the absence of oxalacetate, aceto 
acetate but no citrate was formed. On the other hand, when oxalacetate 
was included in the reaction mixture in large excess, a considerable net 
formation of citrate occurred and the formation of acetoacetate was totally 
suppressed. The citrate-condensing enzyme is thus able to compete quite 
effectively with the acetoacetate-condensing enzyme for the 2-carbon 
product of fatty acid oxidation in this soluble system. 

The very appreciable citrate formation in the absence of any added fatty 
acid substrate raised the possibility that the excess citrate formed in the 
complete system might not arise from the oxidation of the fatty acid. To 


Taste VI 
Acetoacetate and Citrate Formation from Caprylate 

Caprylate............ 0.28 0.45 0 0 
Endogenous + OA. 0 0.6 
Caprylate + OAA............ oe 0 2.2 1.6 
Endogenous + OAA (no dye)... ...... 0.52 

* Oxalacetate. 


test whether the reaction was in fact as postulated, 1-C'-labeled caproate 
was oxidized in the presence of oxalacetate. The resulting citrate, iso 
lated with carrier by ether extraction and silica gel chromatography,‘ was 
found to be radioactive. The actual source of the citrate formed in the 
absence of fatty acid substrate is not known. Since such formation oe 
curs when the samples are incubated anaerobically as well as when dye i 
titrated into them, it manifestly does not arise from the oxidation of en- 
dogenous fatty acid. At present, the most likely explanation seems to be 
that oxalacetate decarboxylates to yield pyruvate, which then dismute 
either with oxalacetate or another molecule of pyruvate to give malate or 
lactate and acetyl CoA. These possibilities have not been tested. 
Incorporation of Labeled Bicarbonate into Acetoacetate—Plaut and Lardy 
(28, 35) and Coon (36) have demonstrated that ICO, is incorporated 
into the COOH of metabolically formed acetoacetate from a variety d 


The authors wish to thank Mr. D. Brummond of the Department of Biochem 
istry for performing the chromatographic separation. 
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sources in homogenates and slices. It has been suggested that HC“O;- 
fixation into acetoacetate is a function of fatty acid oxidase in conjunction 
with HCO;--activating enzymes (37) and that the fixation occurs only 
with “active acetoacetate” (35). We have investigated HC“O; fixation 
in the soluble preparation with “active acetoacetate” generated in two 
different ways. The first section of Table VII demonstrates that a small 
but definite incorporation occurs into the carboxyl of acetoacetate pro- 
duced non-oxidatively from acetyl CoA by use of acetyl phosphate and 
transacetylase. 


Tasie VII 
CO, Incorporation into Acetoacetate 
Acetoacetate Ba CO.“ 
Anaerobic system 
6. per mg. 
1.7 0.99 
“ fatty acid oxidase..................... 0 0.75 
Complete... 6.7 3.88 
Oxidative system 
Isovalerate » 0.37 77.5 


»The BaCO, is derived from the metabolically produced acetoacetate plus 450 
zu of inert acetoacetate carrier. 


When acetoacetate is generated oxidatively from caprylate in the pres- 
ence of ICO, no significant net labeling of the COOH is observed (Ta- 
ble VII); however, isovalerate, which obligatorily fixes HCO; in the 
formation of acetoacetate from its 3 terminal carbons (35, 36), gives aceto- 
acetate with a large amount of C in its carboxyl. The failure of aceto- 
acetate from caprylate to fix HC, is unexplained, but it may be that 
fixation into preformed “active acetoacetate” is a slow reaction and de- 
pendent upon the concentration of “active acetoacetate.” The short re- 
action time and small amount of acetoacetate formed in these experiments 
compared with others in which homogenates (35) were used would thus 
minimize the reaction. 

Sedimentation of Enzymes—When the enzyme extract was centrifuged 
for 3 hours at 120,000 X 9 (Spinco centrifuge, model L, rotor No. 40, 
40,000 r.p.m.), the enzymatic activity was found to remain in the super- 
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natant liquid, the small pellet being almost devoid of activity. However, 
it was noted in these experiments that there was definite sedimentation of 
the vellow color of the extract down the tube. Consequently, a sample of 
the extract was centrifuged as described above, and layers of the solution 
were removed and assayed for fatty acid dehydrogenase and certain other 
enzymes. The results of this experiment are presented in Table VIII. 
Both the specific activities per mg. of protein and the activities per unit 
volume are shown; these are expressed as percentages of the highest ae. 
tivity per mg. of protein and per ml., respectively, to facilitate comparison. 
It is clear that the over-all fatty acid dehydrogenase activity is markedly 


sedimented, although no activity could be detected in the pellet. It is 
Taste VIII 
Sedimentation of | Enzymes after 180 Minutes at at 120,000 * go 
er cent of highest specific activity 

Fraction No. 4 

1 62 (21)° 100 7) 100 (40) 100 4) 21 

2 71 45) 68 (84) 80 (50) 74 (60) 39 

3 | — 76) 58 (87) 87 (79) (86) 48 

4 - (86) 57 (96) 86 (87) 81 (92) 51 

5 62 (100) 32 (100 53 (100 48 (100) 100 

6 0 (0) 12 (11) 47 (33) 48 (30) 30 


— — — — — — — 


— — — — 


. The values i in parentheses are the percentages of the highest activities per unit 
volume. 


equally apparent that the fatty acid-activating enzyme (or enzymes) has 
a completely different sedimentation pattern from the dehydrogenase as 
a whole. This indicates that at least two separate enzyme proteins are 
involved in the oxidation, and also that the activation of the fatty acids is 
not the rate-limiting reaction in the series. The acetoacetate-condensing 
enzyme and the citrate-condensing enzyme are sedimented at very similar 
rates. Their pattern of sedimentation is definitely different from that d 
the fatty acid-activating enzyme and appears to differ also from that d 
the dehydrogenase. It is possible that the two condensing enzymes ar 
attached to the same particles, but it is equally likely that these individual 
proteins merely have similar sedimentation rates. Although the highest 
activity per unit of volume is found in the bottom fraction in all cases, the 
fact that the specific activities of the various enzymes are all relatively low 
in this fraction indicates that the extract contains some inert protein whieh 
is somewhat more readily sedimentable than are the enzymes under com- 
sideration. 
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Effect of DPN—We were encouraged by the oxidation of a small amount 
of substrate in the absence of added electron acceptor to investigate the 
coupling of the enzyme with physiological electron acceptors. When 
DPN was substituted for 2,6-dichlorophenol indophenol in the assay sys- 
tem, a very slow net reduction of DPN occurred in the presence of sub- 
strate (net reduction, about 0.25 um of DPN per hour). To test whether 
the observed DPN reduction was due to the oxidation of the added sub- 
strate, an isotope experiment was performed. Caprylate-1-C™ was incu- 
bated for 40 minutes in the usual assay system with a hydroxylamine 
trap in the presence and absence of DPN. The reaction mixtures were 
prepared and chromatographed for the separation of hydroxamic acids 
(20). In the control sample (no DPN) 187 c. p.m. appeared in the aceto- 
hydroxamic acid spot, whereas 387 c. p. m. appeared in the corresponding 
position of the sample to which DPN had been added. This stimulation 
of oxidation by DPN suggests that it may be involved in the dehydrogena- 
tion of fatty acids (cf. Lehninger (6) ), but more conclusive proof will be 
required to demonstrate whether or not it is directly or obligatorily im- 
plicated. 

DISCUSSION 


Rendering tightly bound enzymes from mitochondria soluble appears 
to be essentially a problem of breaking up the lipoprotein bonds, which 
cement the components of the particles together. To accomplish this, 
various methods, such as repeated freezing and thawing and treatment 
with n-butanol, desoxycholeate, and venom lecithinase, were tried without 
notable success. Acetone has previously been used for a similar purpose 
by Hogeboom (31) who thus obtained a soluble succinic dehydrogenase 
from particles of guinea pig liver. Whether the mitochondrial protein is 
subdivided by this treatment into its individual enzyme components or 
merely into smaller complexes is not clear. The behavior of the enzymatic 
activity on high speed centrifugation indicates the presence of enzymes of 
reasonably low molecular weights, but larger complexes carrying a high 
percentage of lipide are not excluded. 

The nature of the energy source for the priming of fatty acid oxidation 
in animal systems has been in doubt (see the introduction). In this soluble 
system, Krebs cycle acids such as a-ketoglutarate and malate are inactive 
as priming agents and ATP alone is able to prime the reaction. It would 
be unwise to infer from this that ATP is the sole source of energy for ac- 
tivation in the intact mitochondrion, but the reactions by which ATP can 
serve have been unequivocally demonstrated. 


* Green, D. E., Beinert, H., Goldman, D., Von Korff, R., and Mii, S., presented 
at the 1952 meeting of the Federation of American Societies for Experimental Bi- 
ology. 
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By analogy with the formally similar ATP-acetate reaction, which has 
been studied in yeast (38) and heart muscle extracts,“ the reaction would 
proceed in two steps: in the first, pyrophosphoryl coenzyme A is generated 
from CoA and ATP, and in the second the pyrophosphoryl CoA reacts 
with the fatty acid to form the acyl CoA derivative and inorganic pyro 
phosphate. Kornberg has independently studied the activation of long 
chain fatty acids (39) by soluble extracts of liver in the presence of hydroxyl. 
amine® and has also demonstrated the production of pyrophosphate in the 
reaction.“ Although the reversibility of the ATP-acetate reaction has 
been shown in yeast (38), there is a possibility that the reaction between 
acetyl CoA and pyrophosphate to yield CoA pyrophosphate and acetate 
does not occur in rat liver, and that, therefore, fatty acid oxidation may not 
be primed by activated acetate in this organ as it is in C. kluyveri (25). 
However, it is possible that reactions other than those involving ATP may 
yield CoA pyrophosphate which would be available for priming fatty acid 
oxidation. 

One would speculate then that, although the manner of formation is 
different, both the activated substrate and the intermediates in fatty acid 
oxidation by animal tissues are the CoA derivatives suggested by Barker 
to be involved in the fatty acid metabolism of C. kluyvert (25). Of course, 
it is equally possible that the acyl CoA could transfer its fatty acid tos 
group on the enzyme before oxidation, and that CoA merely acts asa 
means of transport of the activated compounds from one enzyme to an- 
other (37). 

The contention that the hydroxamic acid-forming enzyme is identical 
with the priming enzyme of the fatty acid dehydrogenase is not above 
question, since it is based largely on the similar specificities of the enzymes 
for various substrates and on the fact that treatment of the extract with 
Dowex 1 destroys both the activating and oxidizing properties. To ob 
tain unequivocal evidence that the two enzymes are identical, it would be 
necessary either to separate the two enzymatic activities or to demonstrate 
the utilization of acyl coenzymes as substrates for the dehydrogenase; 
such studies are now in progress. 

It seems that acetoacetate is produced in this system in much the same 
fashion as in particulate preparations from animal liver. However, the 
yield of acetoacetate in “unsparked” malonate-blocked liver residue is e 
sentially quantitative (40), and this is not the case in the soluble enzyme 
system, in which only a part of the calculated amount of substrate oxidised 
can be accounted for as acetoacetate. It is possible that this discrepancy 


* Kornberg, A., and Pricer, W. E., presented before the Federation of Americas 
Societies for Experimental Biology, New York, April, 1952. 
7 Kornberg, A., presented at the Symposium on phosphorus metabolism, Balti- 


more, June, 1952. 
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is due to an overestimation of the amount of substrate oxidized, but we 
think it more likely that the missing carbon of the substrate is converted 
to acetic acid. 

The presence of label in both halves of the acetoacetate molecule when 
C-1-labeled fatty acids are oxidized by the enzyme shows that recombina- 
tion of activated acetyl groups must occur in this preparation, as it does in 
slices and particulate systems. An enzyme which could catalyze this re- 
combination is available in the acetoacetate-condensing enzyme which 
is present. However, if all of the 2-carbon fragments produced by the 
oxidation were delivered into the medium as acetyl CoA and then recon- 
densed, complete randomization of the label in the acetoacetate would re- 
sult. It is thus still necessary to suppose that either an oriented recon- 
densation (41-43) or direct cleavage of inert 4-carbon units from the 
carboxy! end of the acid occurs in order to explain the observed results. 
Experimental attempts to modify the acetoacetate C=O:COOH ratio 
artificially are now in progress. 

Since the presumed primary product of the acetoacetate-synthesizing 
enzyme is acetoacetyl CoA, the postulated product of the action of the fat 
oxidase on butyrate (25), it seems permissible to speculate that what is 
measured as acetoacetate-condensing enzyme serves its major function in 
the reverse reaction, cleaving acetyl CoA from the 8-keto acyl CoA product 
of the fatty acid dehydrogenase. Experimental tests of this speculation 
must await the fractionation of the extract. 


Enzymes which oxidize fatty acids in the presence of an artificial electron 
acceptor have been extracted from acetone powders of rat liver mito- 
chondria as soluble proteins which are not sedimented when centrifuged at 
120,000 X g for 3 hours. 

ATP is necessary to support oxidation. 1 mole of ATP permits the 
oxidation of 1 mole of fatty acid. 

A CoA-requiring enzyme is present in the extract which catalyzes the 
reaction of free fatty acids with hydroxylamine when ATP is present. 
The substrate specificity of this enzyme is the same as that of the fatty 
acid-oxidizing enzymes. 

The enzymes oxidize fatty acids to acetoacetate. Fatty acids labeled 
in carbon 1 with C™ yield acetoacetate labeled in both the carbonyl! and 
carboxyl. The product of oxidation in the presence of hydroxylamine is 
acetohydroxamic acid. When oxalacetate is present, the fatty acids oxi- 
dized are quantitatively converted to citrate. 

Bicarbonate-C™ is incorporated into the carboxy] of acetoacetate formed 
by the oxidation of isovalerate and by the condensation of acetyl CoA 
from acetyl phosphate and transacetylase. 
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THE ACETOACETATE ACTIVATION AND CLEAVAGE ENZYME 
SYSTEM 


By D. E. GREEN, D. 8. GOLDMAN,* S. MII,t ann HELMUT BEINERT 
(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, November 3, 1952) 


Soodak and Lipmann (1) have reported the presence in pigeon liver ex- 
tracts of an enzyme system that catalyzes the formation of acetoacetate 
from acetate and ATP.' More recently Chou and Lipmann (2) have sep- 
arated the system which brings about this conversion into (a) a donor“ 
fraction which catalyzes the formation of acetyl CoA from ATP and ace- 
tate, and (6) an “‘acceptor” fraction which catalyzes the condensation of 
2 molecules of acetyl CoA to acetoacetate. Stadtman, Doudoroff, and 
Lipmann (3) have established that acetoacetate arises from the union of 
2 molecules of acetyl CoA. Acetate, unless activated, does not participate 
in this condensation. 8-Keto acids have been shown by Stern and Ochoa 
(4) to give rise to citrate in the presence of an extract of pigeon liver sup- 
plemented with ATP, CoA, and magnesium ions. Stadtman and Barker 
(5) have also described an enzyme system in extracts of Clostridium kluy- 
vert that catalyzes the phosphoroclastic splitting of acetoacetate into a 
mixture of acetyl phosphate and acetate. 

Previous communications from this laboratory (6, 7) have dealt with a 
system of particulate and soluble enzymes from pig heart muscle that cat- 
alyzed the complete oxidation of acetoacetate to carbon dioxide and water. 
The enzymes involved in the activation and cleavage of acetoacetate (here- 
after abbreviated to A. C. system) were present in the soluble fraction. 
The present communication deals with the soluble enzyme or enzymes 
prepared from pig heart muscle that bring about the following reversible 
reaction sequence, 


(1) Succinyl CoA + acetoacetate = acetoacetyl CoA + succinate 
(2) Acetoacetyl CoA + CoA 2 acetyl CoA 
Sueciny! CoA can be generated either from a-ketoglutarate by oxidation 


* Postdoctoral Trainee of the National Heart Institute of the National Institutes 
of Health. 

t Fellow of the American Association of University Women. 

The following abbreviations will be used: diphosphopyridine nucleotide (DPN), 
reduced diphosphopyridine nucleotide (DPNH), triphosphopyridine nucleotide 
(TPN), coenzyme A (CoA), adenosinetriphosphate (ATP), adenosinediphosphate 
ADP), and adenosinemonophosphate (AMP). 
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in the presence of the appropriate oxidase system (8) (Equation 3, a) or 
from succinate, CoA, and ATP (9, 10) in the presence of the succinyl CoA- 
phosphorylating enzyme (Equation 3, b). 

(3, a) a-Ketoglutarate + CoA + DPN* — succinyl CoA + DPNH + H“ + CO, 
(3, ö) ATP + CoA + succinate - ADP + succinyl CoA + inorganic phosphate 


A simple assay system? for the acetoacetate activation and cleavage enzyme 
(or enzymes) has been developed. It is based on the conversion of acetyl 
CoA (formed by the A. C. system) to citrate in the presence of the malie 
dehydrogenase (15) and condensing enzyme (16), as shown in Equations 
4 and 5. The coupling of these two reactions has already been described 


by Stern et al. (17). 
(4) 2 malate + 2DPN* — 2 oxalacetate + 2DPNH + H* 
(5) 2 acetyl CoA + 2 oxalacetate — 2 citrate + 2CoA 


The over-all balance reaction for Equations 1, 2, 4, and 5 is 
(6) Succinyl CoA + acetoacetate + 2 malate + 2DPN* — 
2 citrate + 2DPNH + succinate + CoA + 2Ht 


The rate of DPN reduction thus becomes a measure of the amount of the 
A. C. enzyme system, assuming that the other 3 components and 
cofactors are present in excess. 


Material and Methods 


Preparation of Enzymes—Crude preparations of the A. C. system were 
made by extracting an “acetone” powder of minced pig heart muscle 
(fresh) with 10 volumes of 0.02 m sodium bicarbonate for 30 minutes at 0° 
and then selecting the fraction which is precipitated by ammonium sulfate 
between the limits of 40 and 60 per cent saturation (Fraction Sy4o-¢0) at 
pH 6 and at 0°. The precipitates were taken up in the minimal volume of 
0.02 M potassium bicarbonate and the solutions were stored at —10°. 
The enzyme was stable for an indefinite period under these conditions. 
Since the activity of the preparation per mg. of protein is relatively high 
(about 1.5 um of acetoacetate metabolized per 15 minutes per mg. at 38°), 
it is not necessary to remove salts from the solution before testing. The 
specific activity of the A. C. system can be approximately doubled by re 
fractionating stepwise Fraction S. eso into four subfractions and selecting 
the two middle fractions. Suspensions of the cyclophorase-mitochondrial 
system of rabbit kidney (18) treated as described for pig heart muscle yield 


? Preliminary accounts of this work have been given (11-13). A similar study 


of the A. C. system of pig heart muscle has recently been reported by Stern et al. (14). 
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a preparation which at the stage of the first ammonium sulfate precipitate 
is approximately twice as active per mg. of dry weight as the refraction- 
ated Fraction Syee9 from pig heart muscle. The following methods were 
used to prepare various enzymes used in this study: a-ketoglutaric oxidase 
(Sanadi, Littlefield, and Bock (19)), succinyl CoA deacylase (Gergely et 
al. (20)), and transacetylase (Stadtman (21)). The condensing enzyme 
and malic dehydrogenase were prepared from pig heart muscle free from 
the A. C. system by procedures based on the method of Ochoa et al. (16). 
The clarified extract obtained after allowing the homogenate to stand at 
pH 5.4 for 12 hours contains both of these enzymes with only traces of the 
A. C. system. After several ammonium sulfate refractionations the prep- 
aration is suitable as a source of both malic dehydrogenase and condensing 
enzyme. Coenzyme A (300 to 350 Lipmann units per mg.) was isolated 
from dried brewers’ yeast by the method of Beinert et al. (22). Succinyl 
CoA was prepared enzymatically in the a-ketoglutaric oxidase system and 
purified by the procedure cf Sanadi and Littlefield (8). Acetyl CoA was 
prepared enzymatically in the ATP-acetate activation system of pig heart 
muscle (11) (see Lipmann et al. (23) for a similar system in yeast) and 
purified by a procedure analogous to that for succinyl] CoA. In some ex- 
periments acetyl CoA was generated either from acetyl] phosphate in the 
presence of transacetylase (21) or from pyruvate in the presence of the 
pyruvic oxidase of pigeon breast muscle (24). 

ATP (disodium or dipotassium salt) was obtained from the Pabst Lab- 
oratories and TPN from the Sigma Chemical Company. The source and 
preparation of 6-keto acids have been given in a previous communication 
by Grafflin and Green (25). Acetyl phosphate was prepared by the method 
of Stadtman and Lipmann (26). 

Assay of Enzymes—The rate of acetoacetate breakdown in the reaction 
sequence shown above can be followed by measuring the rate of DPN re- 
duction. The assay system is based on this correlation. The components 
of the system made up to 1 ml. are incubated in narrow test-tubes for 15 
minutes at 38° and then diluted 1:6 or 1:12 with 0.5 m phosphate buffer of 
pH 7.2 to stop the reaction. The molecular extinction coefficient for 
DPNH has been taken to be 6.22 X 10% sq. em. X mole~ (27). 

Methods of Determination-—The following assay procedures have been 
used in this study: citrate (28), inorganic phosphate (29), hydroxamic acid 
(30), total protein (31), and acetoacetate (32). The manometric aniline 
citrate method (33) for estimation of acetoacetate was used when relatively 
large amounts of product (>2 um) were formed and the Barkulis-Lehninger 
modification of the Greenberg-Lester method (32) when the amounts were 
below this range. The Cohn-Carter column procedure (34) for separation 
and estimation of ATP, ADP, and AMP was followed. 
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Results and Comments 


Component Study—A component study of the assay system in whieh 
succinyl CoA generated from a-ketoglutarate sparks“ the conversion of 
acetoacetate to citrate is shown in Table I. Only two enzyme prepara. 
tions are added; viz., the highly purified a-ketoglutaric oxidase and the 
crude Fraction S460 which contains in addition to the A. C. system both 
malic dehydrogenase and condensing enzyme. 

The reaction velocity is proportional to the concentration of the A, C. 
system and linear with time within rather wide limits. The upper limit 


TABLE I 
Component Study of A. C. System Sparked“ by Succinyl CoA Produced in 
a-Ketoglutaric Oxidase System 

The complete system contained t-malate (5 au), CoA (0.1 um), magnesium chlor. 
ide (1.0 um), a-ketoglutarate (3 uM), glutathione (6 um), L-histidine adjusted to pH 
8.2 (20 um), DPN (5 uM), acetoacetate (10 Mu), Fraction S. -e of pig heart musele 
(0.25 mg.), and a-ketoglutaric oxidase (0.03 mg.). Final volume, 1.0 ml.; tempers. 
ture of reaction mixture, 38°. 


— 


uM per 15 min 
a-ketoglutaric oxida sse 0.01 
ͤ .... 0.00 


is fixed by the amount of DPN available. Linearity does not obtain when 
more than 60 per cent of the original DPN is reduced. 

Concentrations of Reactants—The activity-concentration curves for gl 
tathione, a-ketoglutaric oxidase, CoA, and a-ketoglutarate are shown i 
Figs. 1 to 4. The inhibition of the reaction by excess of a-ketoglutarie 
oxidase and reversal of this inhibition by higher levels of CoA are show 
in Fig. 3. The reaction velocity is essentially independent of pH over the 
range 7 to 9. 

Balance Study The results of the balance study for the reaction (sum 
of Equations 6 and 3, a) are given in Table II. The agreement of the ex 
perimental values with those of theory is reasonably close. According te 
theory, 3 moles of DPN should be reduced for each mole of a-ketoglutarate 
which enters the reaction. When limiting amounts of a-ketoglutarate ar 
used, the theoretical ratio of 3 is approached (see Table III). At higher 
levels of a-ketoglutarate, the ratio declines, but can be raised closer te 
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0307 50 SUCCINYL-CoA ACTIVATED 
ACETOACE TATE SYSTEM 


0 28 30 0-35-56 5 100 125 150 175 200 
pMOLES GSH oc KETOGLUTARIC OXIDASE Gugm) 
Fia. 1 Fic. 2 


005 010 O15 020075030 8 0 12 
MM CoA 
FIG. 3 FIG. 4 


Fics. 1 10 f. Activity of A. C. system as a function of concentration of glutathione 
(Fig. 1), of a-ketoglutaric oxidase (Fig. 2), of CoA (Fig. 3), and of a-ketoglutarate 
(Fig. 4). Details as in the legend to Table I. In Fig. 3 the curves represent three 
experiments at different levels of a-ketoglutaric oxidase: Q, 13 7 @, 40 7; O, 60 y. 


Taste II 


Balance Study for A. C. System Sparted“ by Succinyl CoA Produced in 
a-Ketoglutarie Oridase System 
The system contained L-malate (50 um), CoA (0.6 um), a-ketoglutarate (30 au), 
glutathione (40 um), L-histidine adjusted to pH 8.2 (120 um), DPN (45 au), aceto- 
acetate (25 um), a-ketoglutaric oxidase (0.7 mg.), and Fraction S¢o-s0 of pig heart 
muscle (15 mg.). Final volume, 6.0 ml.; incubated 120 minutes at 38°. 


Ratio 
* | 
+27 .8 3.00 (Standard) 3 
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theory by supplementing the Fraction S400 with additional condensing 
enzyme (acetyl CoA-oxalacetate-condensing enzyme). The significance of 
these observations will be considered later. 

Specificity—-The preparations of the A. C. system are not specific for 
acetoacetate (see Table IV). The relative inactivity of 8-ketooctanoate 


Taste III 
Molar Ratio, DPNH to a-Ketoglutarate, with Limiting Amounts of a-Ketoglutarate 
a-Ketoglutarate added DyNIH formed B 
A B A 
aM 
1 0.07 0.19 2.7 
aa 0.21 0.35 1.7 
3 0.44 0.59 | 1.3 
4° 0.21 0.50 | 2.4 


Conditions as in the legend to Table I except for the amounts of a-ketoglutarate 
* Identical with Experiment 2 except for the addition of 0.3 mg. of purified con- 


densing enzyme. 
TasBie IV 
Specificity of A. C. System for B-Keto Acids 
ii per cent 

100 
85 
B-Ketovalerate....... | 28 


— — 


For experimental conditions see the legend to Table I. 
* It should be noted that acetoacetate will reduce 2 moles of DPN per mole and 


the other 8-keto acids 1 mole per mole. 


may be referable to one or more of three possibilities: (1) that 6-ketoocta- 
noyl CoA is not formed rapidly; (2) that 8-ketooctanoy] CoA undergoes 
cleavage slowly; and (3) that caproyl CoA formed during the cleavage re- 
action arrests further change by tying up coenzyme A. In a subsequent 
communication dealing with the activation of 6-keto acids by ATP, evi- 
dence will be presented that the A. C. system of beef liver cleaves 6-keto 
octanoyl CoA as rapidly as acetoacetyl CoA. Furthermore the third poe 
sibility is excluded, since the reaction velocity is not increased by raising 
the level of coenzyme A. Evidently caproyl CoA is deacylated at a suff- 
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ciently rapid rate so that the level of CoA is never below that required for 
maximal activity. The rate of formation of 8-ketooctanoyl CoA thus ap- 
pears to be the rate-limiting process. 

Activation by Suceinyl CoA According to the formulation of Equations 
and 3, a, suecinyl CoA should replace the a-ketoglutaric oxidase system. 
Under these conditions the over-all reaction should conform to the require- 
ments of Equation 6. As shown in Table V, the theoretical yield of 
DPNH is approximated as the level of succinyl CoA is reduced. Fraction 
Seto contains a not insignificant amount of succinyl CoA deacylase (20) 
which breaks down some of the acyl CoA before the replacement reaction 
with acetoacetate is complete. 

Formation of Acetyl Cod - The successive steps in the reaction sequence 
can be shown by following DPN reduction continuously in the Beckman 
spectrophotometer (see Fig. 5). When succinyl CoA is incubated with 
acetoacetate, no spectrophotometric change takes place. On the addition 
of malate rapid reduction of DPN proceeds. If, after incubation with 
succinyl CoA and acetoacetate, the enzyme digest is deproteinized with 
acid (pH 2) and the neutralized solution is then tested for the presence of 
acetyl CoA in the condensing enzyme-malic dehydrogenase assay system, 
a result as shown in Fig. 6 is obtained. This signifies that, during the in- 
cubation of succinyl CoA and acetoacetate, reaction has already taken 
place, and presumably acetyl CoA is present in the reaction mixture before 
deproteinization. The ratio of acetyl CoA to succinyl CoA at the end of 
the reaction (in the absence of added malate or DPN) should reflect equi- 
librium concentrations. 

Reversibility of Cleavage Reaction—The reversibility of the cleavage reac- 
tion can be demonstrated by carrying out the following reaction sequence. 


%% Acetyl phosphate + Coa —ansacety 
; acetyl CoA + inorganic phosphate 
ruvic 
(7, b) Pyruvate + CoA + DPN* ate 
acetyl CoA + DPNH + CO, + H“ 
acetate activation | 
a0) Acetate + ATP + CoA — > 


acetyl CoA + AMP + inorganic pyrophosphate 


(8) 2 acetyl CoA + succinate —— succinyl CoA + CoA + acetoacetate 


(9) Succinyl CoA 2 — succinate + CoA 


A component study for the system in which acetyl CoA was generated ac- 
cording to Equation 7, a is contained in Table VI. The dependence of 
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TaBLe V 
Succinyl CoA As Sparer for A. C. System 
The system contained L-malate (5 au), magnesium chloride (I zu), L-histidine 
adjusted to pH 8.2 (40 um), DPN (2 u), acetoacetate (10 um), succinyl CoA or CoA 
as indicated, and Fraction S -s (2 mg.). Final volume, 2.0 ml.; incubated for 3% 
minutes at 38°. 


— — — — — ́ —— 


DPNH formed 
Addition * 
Observed | Theory 
uM uM uM 
VV 0.1 0.18 | 0.20 
© O ACETOACETATE 
035 ONO ACETOACETATE 
O SUCCINYL -CoA 
O SUCCINYL CoA 
0.30 F 0.500 + 
0.25 7 
= 7) 
0.20 2 
5 8 
0400 
2 0.15 J 
8 
0.10 
a 
005 O0 300 
5 10 15 20 25 30 35 40 45 2 4 6 0 
TIME (MINUTES) TIME (MINUTES) 
FIG. 5 Fic. 6 


Fic. 5. Spectrophotometric demonstration of the acetoacetate activation and 
cleavage reaction. Each cuvette (3 ml. capacity) contained L-histidine (40 ym), 
succinyl CoA as indicated, and Fraction See of pig heart (1.5 mg.). Final volume, 
2.8 ml. The mixture was incubated for 6 minutes. At the point indicated by 4 
each cuvette received 5 um of acetoacetate, and at the point indicated by , 5 gs 
of t-malate. The experiment was carried out at room temperature (25°). The 
values for optical density at 340 my have been corrected for a control without 
added succinyl CoA. 

Fic. 6. Acetyl CoA formation from acetoacetate in the A. C. system ‘“‘sparked” 
by succinyl CoA. The experimental tube contained L-histidine (20 ym), succinyl 
CoA (0.8 um), acetoacetate (10 um), and Fraction See (1 mg.). The control tube 
contained no acetoacetate. Final volume, 3.0 ml. Incubated for 10 minutes at 
38° and then deproteinized with 0.1 ml. of 1 & hydrochloric acid. The protein-free 
and neutralized supernatant fluid (2.6 ml.) was mixed in a cuvette with magnesium 
chloride (2 um), DPN (4 uM), malic dehydrogenase (0.1 ing., condensing enzyme (03 
ing.), and water to 2.9 ml. At point M each cuvette received 5 um of L-malate. 
All measurements were carried out at 25°. Optical densities were measured at 30 
mu. 
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acetoacetate formation on the presence of succinate is essentially complete. 
However, the requirement for added deacylase though pronounced is not 
compiete, since Fraction Sio.¢0 still contains some deacylase. Similar ex- 


VI 
Acetoacetate Formation from Acetyl Phosphate with Catalytic Amounts of CoA 
The complete system contained glycine adjusted to pH 9 (100 um), succinate 
(100 zu), acetyl phosphate (50 um), magnesium chloride (1.2 um), CoA (0.5 au), 
glutathione (30 u), transacetylase (15 units), pig heart Fraction S4o-60 (2.4 mg.) 
and succinyl CoA deacylase (1 mg.). Final volume, 1.0 ml.; incubated 30 minutes 


at 38°. 
| Acetoacetate formed 
% | 4.45 
²˙ ³˙ mw 0.23 
1.35 
TaBLe VII 
Acetoacetate Formation from Acetyl Phosphate As Function of Concentration of 
Coenzyme A 


The complete system contained glycine adjusted to pH 9 (100 um), acetyl phos- 
phate (50 wm), magnesium chloride (1.2 um), CoA as indicated, glutathione (30 um), 
transacetylase (15 units), and pig heart Fraction S4o-s0 (2.5 mg.). Final volume, 
1.0 ml.; incubated 30 minutes at 38°. 


— —— — — 


Experiment No. CoA added | Acetoacetate formed 
| | 
1 | 0 | 0.00 
0.5 | 0.08 
2.0 | 0.38 
4.0 0.60 
2 2.0 0.58 
2.0 (No A. C. enzyme) 0.05 
2.0 (“ transacetylase) 0.00 


periments have been carried out in which acetyl CoA was generated in situ 
by the reactions of Equations 7, b and 7, c. The results were essentially 
identical with those shown in Table VI. 

When succinate is omitted from the reaction mixture, the yield of aceto- 
acetate is insignificant at low levels of CoA but increases as more CoA is 
added to the system (see Table VII). This would suggest the reversal of 
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the reaction described by Equation 1. The product of the reaction, pre. 
sumably, breaks down to acetoacetate under the conditions of the experi- 
ment. 

The origin of acetoacetate directly from acetyl CoA can be shown un- 
ambiguously by tracer experiments with labeled acetyl CoA. Based on 
the radioactivity of the carboxyl group of acetoacetate, a yield of 0.26 1 
of acetoacetate was obtained from 3 um of acetyl CoA. In the absence of 


TABLE VIII 
Component Study of A. C. System “‘Sparked’’ by Succinyl CoA Generated in 
Phosphorylating Enzyme System 

The complete system contained L-malate (10 um), magnesium chloride (1.2 u), 
ATP (1.0 um), succinate (2.0 um), L-histidine adjusted to pH 8.2 (20 um), potassium 
cyanide (1.3 wm), CoA (0.1 um), glutathione (12 um), DPN (2.5 uo), acetoacetate 
(20 um), Fraction S. 0-4 (0.1 mg.), and supplementary enzyme containing malie de- 
hydrogenase and condensing enzyme (0.5 mg.). Final volume, 0.8 ml.; incubated 
at 38°. 


DPNH formed 
um in 15 min. 
„magnesium chloride. 0.015 
g ̃¶ĩ—ſmĩd ees 0.000 
%% ²˙r⅝r 0.015 
% supplementary enzy nme 0.207 


* Not all crude preparations of A. C. show this sharp requirement for euccinate. 
When ATP-acetoacetate activation enzyme is present, no requirement for succinate 
is demonstrable. 


enzyme or with carboxyl-labeled acetate instead of acetyl CoA, no aceto 
acetate was formed and no label was found in acetoacetate added as carrier. 

Inhibition of Cleavage Reaction with Excess of a-Ketoglutaric Oxidase—In 
the reaction sequence described by Equations 1 to 5, free CoA is required 
for two reactions: (1) the oxidation of a-ketoglutarate, and (2) the cleavage 
of acetoacetyl CoA. If the velocity of the oxidation is very high com- 
pared to the rate of subsequent reactions, it is possible to bring the over- 
all process to a halt by converting all available CoA to succinyl CoA. In 
the absence of free CoA the cleavage reaction of Equation 2 cannot pro 
ceed. These considerations may explain the curious inhibitions observed 
at relatively high levels of a-ketoglutaric oxidase or a-ketoglutarate (see 
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Figs. 2 and 4). The level of a-ketoglutaric oxidase must be adjusted in re- 
lation to the rates of the subsequent reactions so that some free CoA is 
always present. The inhibition by excess of oxidase can be partly re- 
versed by excess of CoA (see Fig. 3). Similarly the inhibition by excess 
a-ketoglutarate can be reversed by raising the level of CoA. In an earlier 
section, mention was made that a less than theoretical yield of DPNH was 
formed per mole of a-ketoglutarate when the level of a-ketoglutarate was 
increased and that this low ratio could be raised almost to theoretical by 
the addition of condensing enzyme. By this device sufficient free CoA 
was left in the reaction mixture to permit the reaction to proceed essen- 
tially to completion. 


IX 
Balance Study of A. C. System “‘Sparked” by Succinyl CoA-Phosphorylating Enzyme 
System 

The complete system contained L-malate (40 um), succinate (10 um), ATP (15 au), 
magnesium chloride (5 um), glutathione (30 um), potassium cyanide (7.5 um), CoA 
(1.0 u), L-histidine adjusted to pH 8.2 (100 um), DPN (25 um), acetoacetate (45 au), 
supplementary enzyme containing malic dehydrogenase and condensing enzyme (2 
mg.), and Fraction S4o-se (0.8 mg.). 


Ratio 
Component 4 
Observed Theory 
uM 
D +6.0 1.79 2 
Inorganic phosphate............... +3.5 1.04 1 


Generation of Suceinyl CoA from Succinate and ATP—The difficulties 
mentioned above which attend the use of the a-ketoglutaric oxidase for 
generation of succinyl CoA have led us to adopt a more satisfactory assay 
system in which the succinyl CoA-phosphorylating enzyme working in 
reverse (9, 10) is used to generate succinyl] CoA. A typical component 
study is shown in Table VIII and a balance study in Table IX. The crude 
Fraction S4o.60 contains a sufficient excess of the succinyl CoA-phosphory- 
lating enzyme so that the rate of reaction is limited exclusively by the 
amount of the A. C. enzyme system.“ Fig. 7 shows how the velocity of 
reaction depends upon the ‘concentration of CoA. Maximal activity is 


* Cyanide is used to prevent reoxidation of DPNH. In some, but not all, experi- 
ments, a higher yield of DPNH (about 20 per cent) was obtained in the presence of 
added cyanide. Any non-enzymatic interaction of cyanide with DPN is allowed 
for in the blank without acetoacetate. With enzymes of higher purity than those 
employed in this study, cyanide is without effect. 
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attained at a relatively low level of CoA, in contrast to the requirement 
for CoA when succinyl CoA is generated by the a-ketoglutaric oxidase sys. 
tem (see Fig. 3). It is to be noted that the system is inhibited at levels of 
ATP in excess of about | um per ml. This inhibition by excess ATP sets 
an upper limit to the amount of enzymatic change which can be measured 
under standard conditions. 

Number of Components in A. C. System—The A. C. system has been de- 
fined as the system which catalyzes the composite reaction formulated by 
Equation 8 and which can be conceived of as the sum of the two separate 
reactions formulated by Equations | and 2. Elsewhere the systematie 
purification of the A. C. system from heart muscle and other tissues will 


0.30 


020 030 040° 


MMOLES CoA 
Fic. 7. Activity of the A. C.-ATP-succinate system as a function of coenzyme 4 
Details as in the legend to Table VIII. 


be described. The significant point is that as yet no success has attended 
efforts to separate the A. C. system into two component enzymes, and 
thus there is at present no basis for treating the A. C. system as other than 


a single enzymatic component. 


SUMMARY 


A soluble enzyme or mixture of enzymes has been prepared from pig 
heart muscle that catalyzes the reversible conversion of acetoacetate to 
acetyl CoA in the presence of succinyl CoA. The activation of acetoace- 
tate is brought about by a replacement reaction with succinyl CoA, prob 
ably leading to the formation of acetoacety] CoA, which in turn is cleaved 
into 2 molecules of acetyl CoA. Evidence for the postulated reaction se 
quence is presented. 


This investigation was aided by a grant from the National Heart Insti- 
tute of the National Institutes of Health. We are indebted to Dr. H. A. 
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Barker and Dr. E. R. Stadtman for gifts of dried cells of Clostridium 


t, Although in the present paper indirect evidence was presented for 
the existence of acetoacetyl CoA, the intermediate postulated in Equations 1 and 
2 no direet evidence was available at the time the manuscript was submitted. 
Acetoacetyl CoA has now been prepared by enzymatic oxidation of 8-hydroxybu- 
tyryl CoA (obtained via crotonyl CoA) by DPN. The isolated product of the 
oxidation undergoes the reactions of Equations 1 and 2 in the presence of the A. 
(. enzyme when succinate or reduced CoA, respectively, is added and liberates 
acetoacetate on mild alkaline hydrolysis. 
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EFFECTS OF A VITAMIN B.: DEFICIENCY ON LIVER 
ENZYMES IN THE RAT* 


By J. N. WILLIAMS, In., W. J. MONSON, A. SREENIVASAN,t 
L. S. DIETRICH, A. E. HARPER, Ad C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, November 5, 1952) 

Certain general functions of vitamin Biz and folic acid in intermediary 
metabolism are now well recognized. For example, folic acid appears 
to be involved in purine and formate metabolism and vitamin Bis in the 
utilization of methyl groups. However, while there have been several 
reports concerning the influence in vivo and in vitro of folic acid and its 
antagonist, aminopterin, on specific enzyme systems such as xanthine oxi- 
dase (1-4), choline oxidase (5-8), and transmethylase (9, 10), there is 
scant information on the effects of dietary vitamin Biz on these or other 
enzyme systems. 

In the course of work on the biological action in the rat of a reported 
specific antagonist to vitamin Bi: for Lactobacillus leichmannii 4797 (11), 
the authors have undertaken a study of the effects of this antagonist as 
well as of simple vitamin Bi: deficiency on certain enzyme systems in the 
rat. The liver enzymes chosen for study, transmethylase, xanthine oxi- 
dase, endogenous respiration, and choline oxidase, have been implicated 
indirectly by various workers with vitamin Bi: metabolism. These in- 
vestigations should throw some light on the involvement of vitamin Bi: 
with specific enzyme systems. In addition, the effects of the L. leichmannii 
antagonist can be compared with a simple vitamin Bi: deficiency in the rat. 


EXPERIMENTAL 


Weanling male rats of the Sprague-Dawley strain weighing 40 to 45 gm. 
were employed as experimental animals. The rats were separated at ran- 
dom into four groups, all of which were fed the basal vitamin Bi: defieient 
corn-soy meal ration of Lewis ef al. (12) with the omission of iodinated 
casein or desiccated thyroid. Group I served as the negative control 
and received only the basal ration without supplement. The animals of 
Group IT were injected with an “antivitamin Bi: preparation equivalent 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Founda- 


tion, and by a grant from Swift and Company, Chicago, Illinois. 
t Fellow of the Rockefeller Foundation, New York. 
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152 VITAMIN Biz AND LIVER ENZYMES 
to 20 v of vitamin Bis per rat per day. The rats of Group III received ap 
intraperitoneal injection of 2 Y of crystalline vitamin Bis in solution per 
rat per day. The “antivitamin” was prepared fresh each day by treat. 
ment of the vitamin in strong acid solution with hydrogen peroxide accord. 
ing to the procedure of Beiler et al. (II). Group IV was also given the 
vitamin Bi: oxidation product, followed a few minutes later by vitamin Bu 
asin Group III. Individual cages with raised bottoms were used for hous. 
ing the animals, and ration and water were given ad libitum. The animak 
of all four groups were maintained on their respective rations for 5 weeks 
before being used in the enzyme studies. Weights were recorded at inter. 
vals during that period. 

When used in the enzyme experiments, the animals were decapitated 
and bled. The livers were excised immediately, chilled in ice, and blotted 
free of moisture. A weighed portion of each liver was homogenized with 
5 volumes of ice-cold 0.039 m sodium potassium phosphate buffer of pH 74 
and strained through gauze. The xanthine oxidase activity of the ho 
mogenate was determined manometrically according to the procedure d 
Axelrod and Elvehjem (13). The choline oxidase activity of the homoge. 
nates was also followed manometrically by the method of Williams, Lit. 
wack, and Elvehjem (14). The first 10 minute oxygen uptake before the 
substrate was added in the xanthine oxidase determination was taken t 
represent the endogenous respiration of the respective livers. Transmeth- 
ylase activity was followed by a modification of the method outlined by 
Dubnoff and Borsook (15). The modified procedure finally adopted wa 
as follows: 2 ml. of the 16.7 per cent homogenate were incubated at 3% 
in evacuated Thunberg tubes with 0.5 ml. each of 0.5 per cent betaine 
hydrochloride (neutralized) and 1 per cent pit-homocysteine prepared in 
0.039 m sodium potassium phosphate buffer. Control tubes were ru 
simultaneously without the betaine hydrochloride. At the end of 3 hours 
the samples were treated with 0.5 ml. of 30 per cent trichloroacetic acid 
and 2 ml. of water, mixed, and filtered. To 2 ml. of the filtrate was added 
0.2 ml. of 5 N sodium hydroxide plus 0.3 ml. of I per cent freshly prepared 
sodium nitroprusside solution. Methionine standards were run concur 
rently by mixing 0 to 1 ml. of 110 mg. per cent of methionine, 0.5 ml. each 
of I per cent homocysteine, 30 per cent trichloroacetic acid, and water to 
give a final volume of 5.5 ml. Aliquots (2 ml.) of these standards corre 
sponding to 0 to 400 y of methionine with several intermediate values wer 
taken for reaction with the alkali and nitroprusside solutions. Sample 
and standards were allowed to stand at room temperature for 15 minute, 
or until no pink color was seen on shaking the tubes. The tubes were ther 
treated with 4 ml. of water and 0.3 ml. of a mixture of 9 volumes of con- 
centrated hydrochloric acid and 1 volume of 85 per cent phosphoric acid 
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After a 10 minute incubation period at room temperature, color intensities 
were read in an Evelyn colorimeter with a green filter. 


RESULTS AND DISCUSSION 


In order to show the effects of a vitamin Bi: deficiency in the presence 
and absence of the vitamin Biz oxidation product, the weights of the 
animals of the various groups after a 5 week feeding period are presented in 
Table I. From these results it can be seen that a simple vitamin Bi: 
deficiency (Group I) produces significantly less growth than occurred in the 
normal controls receiving vitamin Biz (Group III). Moreover, the vita- 
min Bi: “antagonist” has no effect on growth of the rats either in the pres- 


Taste I 
Effect of Vitamin Bis and Oxidized Vitamin Bis (L. leichmannii Antagonist) on Growth 
of Rats 
Group Ne. Supplement No. of rats — 
1 None 6 176 (153-198) * 
II | Oxidized vitamin Bist 12 | 177 (152-211) 
II Vitamin B12 12 238 (205-254) 
IV. = Oxidized vitamin Bes + vitamin Bis 6 241 (198-268) 


— — — — 


— of individual values. 
The oxidized vitamin was injected at a level equivalent to 20 y of vitamin Bi: 
per rat per day. 
t The vitamin B.: was injected at a level of 2 y per rat per day. 


ence or absence of vitamin Biz. In unpublished work from this laboratory 
the vitamin Bis oxidation product has occasionally shown an antivitamin 
Bu action on the growth of rats. As shown in the present experiments, 
however, this effect cannot always be repeated and may be due to other 
effects besides an antivitamin Biz action. 

The results of the enzyme experiments are reported in Table II. The 
values represent in each case the average results obtained from five to six 
diferent animals. From Table II it can be observed that the oxidation 
product of vitamin Bis, which appears to be an antivitamin for L. leich- 
mannii (11), has little or no effect on the enzyme activities determined in 
these experiments. On the other hand, a simple vitamin Bis deficiency 
produces marked changes in most of the enzymes studied. These enzymes 
are not further affected to any great extent by the “antivitamin.” Thus, 
in a vitamin Bi: deficiency there is a decrease in the endogenous oxidative 
activity of the liver. These results may be related to the observations of 
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earlier workers on the effect of vitamin Bis on hyper- and hypothyroid con. 
ditions in experimental animals (16-19). Vitamin Bi: also markedly stimu- 
lates liver xanthine oxidase activity and is, therefore, in this respect dis. 
similar to folic acid. An opposing effect of folic acid and vitamin B, 
has also been recorded on p-amino acid oxidase activity of chick liver (1), 
In unpublished work from this laboratory, Feigelson, Williams, and Elve. 
hjem have observed that dietary vitamin Bis is essential for maintaining 
normal xanthine oxidase activity in rat liver. 


VITAMIN BI: AND LIVER ENZYMES 


Tant II 
Effect of Vitamin Bis and Oxidized Vitamin Bis (L. leichmannii Antagonist) on Certaia 
Enzyme Systems in Rat Liver 
8 Liver enzyme determined 
Supplement of — Choline oxidase Trane 
No. Endogenous 
Os per hr. per On per be. per 
on. Ever on. Ever 
I | None 6 | 710 + 95° 114 + 13 | 3.31 + 0.14 | 157 & 
II | Oxidized vitamin | 5 | 800+ 95 163 + 10 | 3.13 & 0.28166 4K 
Bist 
III | Vitamin Bist 6 11080 + 170 | 280 + 16 2.56 & 0.23 | 304% 
IV | Oxidized vitamin | 6 (1100 + 132 281 + 20 2.70 + 0.16 320 4 0 
Bist + vitamin 
Bist 
Standard error of the mean. 
t The oxidized vitamin was injected at a level equivalent to 20 y of vitamin Bu 
per rat per day. 


t The vitamin Bis was injected at a level of 2 y per rat per day. 


While a relationship of vitamin Bis to choline oxidase and transmethylase 
activities might be predictable on the basis of the probable mediation a 
this vitamin in methyl group metabolism, the observed decrease in choline 
oxidase activity as a result of vitamin Bis supplementation could not 
apparently account for the increased transmethylase activity in the vite 
min B,;-fed group, since transformation in vivo of choline to methionine 
reportedly parallels choline oxidase activity (20). To some extent the 
depression in choline oxidase activity may possibly be attributed to the 
increased endogenous respiration brought about by vitamin Bis, resulting 
in competition between choline and endogenous substrate oxidation for 
common hydrogen transport systems. 

Therefore, the observations in these experiments indicate that vitamin 
Biz does not influence the oxidation of choline to betaine but exerts its 
effect on the actual transmethylation from betaine to homocysteine. That 
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vitamin Bu is necessary for the utilization of the methyl groups of betaine 
has been shown tn vivo for the rat by Day et al. (21). Jukes et al. have also 
presented evidence which suggests that chicks deficient in vitamin Bi: 
are unable to utilize homocysteine and betaine for the synthesis of methi- 
onine (22). Further work is needed to show more specifically whether the 
influence of vitamin Bi: on transmethylation in vivo is on betaine utilization 
rather than on choline oxidation, which is influenced more directly by 
folic acid and the Leuconostoc citrovorum factor (5,6). It should also be 
ascertained whether vitamin Bi: might exert its influence on choline me- 
tabolism through increased potentiation of folic acid activity (23-25). 


1. A vitamin Bis oxidation product, reported to be antagonistic to the 
vitamin for the growth of vitamin Biz requiring microorganisms, has been 
shown to exhibit no antivitamin Bi: properties in the rat as measured 
either by growth or its effects on liver enzyme systems. 

2. A simple vitamin Bis deficiency has been shown to decrease liver en- 
dogenous respiration, betaine-homocysteine transmethylase, and xanthine 
oxidase activity markedly. Liver choline oxidase activity is somewhat 
increased by the vitamin deficiency, which might partially be explained 
on the basis of the increased endogenous respiration. These observa- 
tions are discussed with respect to other known facts concerning vita- 
min By metabolism. 
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THE EFFECT OF SODIUM AZIDE ON ALCOHOLIC 
FERMENTATION * 


By FRANK W. FALES 
(From the Department of Biochemistry, Emory University School of Medicine, Emory 
University, Georgia) 
(Received for publication, November 6, 1952) 


The effect of sodium azide on the anaerobic carbohydrate metabolism of 
living yeast cells has been studied by many investigators, but the experi- 
mental results of these investigations often seem to be contradictory. A 
variability might be expected, however, since the examinations were carried 
out under different experimental conditions, with different yeast strains, 
suspension fluids, and concentrations. Also, many of the investigations 
were quite incomplete, the fermentations being followed by the measure- 
ment of a single variable. In the study of the action of an enzyme poison 
on a complex process such as alcoholic fermentation, results based on the 
analysis of a single product or reactant may be quite misleading. _ 

Sodium azide induces the production of a larger amount of carbon dioxide 
from a given quantity of glucose (1, 2). Winzler (1) found that 0.001 m 
sodium azide educed the production of the quantity predicted by the Gay- 
Lussac equation, while only 67 per cent of the theoretical was produced in 
its absence. This seemed to indicate that azide induced the veast to con- 
vert glucose into ethanol and carbon dioxide stoichiometrically. However, 
Trevelyan ef al. (2) found that with azide there was still a considerable 
production of glycerol during fermentation, and that the formation of the 
theoretical quantity of carbon dioxide was due to a net breakdown of 
stored carbohydrates to an extent to compensate for the glycerol produc- 
tion. 

Direct determinations of the increase in the carbohydrate content of 
yeast cells during fermentation indicate that the efficiency of assimilation 
of various yeast strains may be quite different, from 5 to 20 per cent of the 
added glucose being assimilated (2-6). Total carbon dioxide production 
of from 67 to 75 per cent of theoretical has been reported (1-5, 7). Fales 
(6) has reported that the cellular carbohydrate content of yeast cells re- 
mained almost constant when the fermentation was carried out in the 


A portion of the work reported here was conducted in the Department of Physi- 
ology of Stanford University and is a part of the thesis material submitted by the 
author in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy. 
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158 EFFECT OF SODIUM AZIDE ON FERMENTATION 
presence of 0.001 m sodium azide, but Trevelyan et al. (2) found that this 
concentration of azide induced a marked decrease. 

In the hope of obtaining a clearer picture of the changes in the fermen- 
tation process, induced by the presence of sodium azide, analyses for extra- 
cellular carbohydrate, cellular carbohydrate, glucose, ethanol, and carbon 
dioxide were carried out during the course of the reaction. It was found 
that azide has a profound effect on the course of alcoholic fermentation, 
The rate of carbon dioxide production, ethanol production, cellular carbo- 
hydrate synthesis and glucose utilization may be altered by appropriate 
azide concentrations. Also, the relative rates of change of all these vari- 
ables may be modified. Suitable azide concentrations induce a marked 
inhibition of glucose utilization with no change in the rate of carbon dioxide 
production, or a marked increase in the carbon dioxide production rate with 
little change in the rate of glucose utilization. Surprisingly, even the rate 
of ethanol production relative to that of carbon dioxide may be altered. 


EXPERIMENTAL 
Methods 


The yeast suspensions were prepared and the fermentations were carried 
out by the methods previously described (6). The sodium azide was added 
to the yeast suspension before the addition of glucose. The carbohydrate 
was determined with the modified anthrone reagent (6). In agreement 
with Trevelyan and Harrison (8), it was found independently that les 
color was produced from a given quantity of carbohydrate by the anthrone 
reaction when more than a negligible quantity of azide is present. This 
may be due to an inhibition of the anthrone reaction rather than to the 
destruction of anthrone by the Schmidt reaction as suggested by Trevelyan 
and Harrison, since the colored product is formed in the presence of high 
azide concentrations, if a large quantity of carbohydrate is added. The 
effect of azide on the anthrone reaction is shown in Fig. 1, where the per 
cent inhibition is plotted against the log of the azide concentration. By 
extrapolation one may conclude that an azide concentration of 0.0005 1 
or lower is not inhibitory.! In all the carbohydrate determinations to be 
described, the azide concentration was below this level. 

Glucose was determined by the method of Shaffer and Williams (9) and 
carbon dioxide by the method of Wennesland (see Umbreit et al. (10)). 
The method of Kozelka and Hine (11) was used for the determination d 
ethanol, in which the vapor from the samples was first passed through an 
alkaline mercuric oxide suspension to remove aldehydes and volatile acids, 


1 Determinations with the modified anthrone reagent call for only 1 ml. of sample 


but 5 ml. of sample are required with the original anthrone reagent. If the latter 
is used, lower concentrations of azide will inhibit the anthrone reaction. 
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and the alcohol content of the distillate was determined by the titration of 
excess dichromate, iodometrically. 


Resulis 


The distribution of the carbohydrate between the fermentation liquor 
and the cells during the anaerobic fermentation of 500 mg. of glucose is 
shown in Fig. 2. In the absence of azide, the cellular carbohydrate had 
almost reached a maximum and the extracellular carbohydrate was almost 
depleted after 60 minutes. In contrast, when the fermentation was carried 
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Fic. 1. The inhibition of the anthrone reaction with 0.1 mg. of glucose by various 
sodium azide concentrations in the 1 ml. samples analyzed. 


out in the presence of 0.001 m sodium azide, there was no increase in the 
cellular carbohydrate, and the carbohydrate content of the fermentation 
liquor was still at a level equivalent to 30 per cent of the original substrate 
concentration. 

The marked inhibition of glucose utilization by 0.001 m sodium azide, in 
identical fermentations, is also brought out by the data shown in Table I. 
In these experiments, the glucose content of the suspension fluid was deter- 
mined at intervals during the fermentations and the average rate of utiliza- 
tion for each time interval was calculated. The marked inhibition of 
glucose utilization by 0.001 m azide is brought out by the fact that the rate 
was less than half of the control during the first 15 minutes. On the other 
hand, the rate of utilization was little affected by 0.0001 m sodium azide. 
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The carbon dioxide production during identical fermentations is shown 
in Table II. In the initial 30 minutes, 0.0001 m azide induced a mor 
rapid carbon dioxide production, but 0.001 m azide caused no change in the 
rate during this period. Thus, the consistent finding is that there is 3 
more efficient conversion of glucose to carbon dioxide at both azide con- 
centrations. 

After 160 minutes, almost identical quantities of carbon dioxide had 
been produced at the two azide concentrations, which was about 92 per 
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Fia. 2. The carbohydrate content of the yeast cells and fermentation liquor dur. 
ing the course of the fermentation of 500 mg. of anhydrous glucose by 500 ml. of 05 
per cent Peerless bakers’ yeast at 27° + 0.05°. Solid lines, cellular carbohydrate; 
broken lines, carbohydrate in suspension fluid; O, no NaN,; @, 0.001 M NaN, 


cent of the theoretical value of 5.55 m.eq. This finding should not be 
interpreted to indicate that assimilation was suppressed to the same degree 
at the two azide concentrations, however, since the substrate was exhausted 
much earlier in the process with 0.0001 M than with 0.001 M azide. Th 
final equality in the total carbon dioxide production may be due to th 
endogenous utilization of the alkali-insoluble reserve carbohydrate that is 
formed during the reaction at the lower azide concentration. Fales (6) has 
obtained evidence that the synthesis of this carbohydrate is not completely 
suppressed by 0.0001 M azide, under identical experimental conditions. 
The ethanol production during identical fermentations is shown in Table 
III. A marked reduction in the rate of ethanol formation was induced by 
0.001 m sodium azide during the induction period of fermentation. Sine 
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this concentration of azide had no effect on the rate of carbon dioxide 
production during the induction period (see Table II), these data led to the 


conclusion that azide alters the carbon dioxide-ethanol ratio. If this is 
I 
Effect of Sodium Azide on Glucose Utilization 
Vo sodium azide | 0.0001 u NaN; 000 Ned, 
“Total® | Rate Total | Rate | Total | Rate 
15 1.99 0.133 1.67 0.111 0.81 | 0.054 
30 3.43 | 0.09 3.23 0.104 1.61 | 0.053 
45 4.45 0.063 4.31 0.067 2.39 0.052 
60 5.05 0.040 4.98 0.045 3.23 0.056 
90 5.45 0.013 4.65 0.047 
120 5.55 0.003 5.29 0.021 


— — — — 
— — — — — — — 


„The values express the total millimoles of glucose utilized of the original sub- 
strate concentration of 5.55 mm per liter. 


TanIx II 
Effect of Sodium Azide on Carbon Dioxide Production 

Vo sodium azide 0.0001 M NaN. 0.001 N Nax, 

Total“ Rate Total Rate Total Rate 
15 0.42 | 0.028 0.73 0.0% 0.7 0.031 
30 1.27 | 0.057 1.82 | 0.073 1.31 -| 0.056 
45 2.00 | 0.055 | 2.83 0.067 2.16 0.057 
60 2.73 | 0.043 3.63 0.053 2.94 | 0.052 
90 3.48 | 0.025 4.62 0.033 4.19 | 0.042 
120 3.74 | 0.009 4.90 0.012 4.78 0.020 
160 53.14 0.00 6.10 0.008 


— 


* The values express the total milliequivalents of carbon dioxide produced, the 
equivalent weight being based on the Gay-Lussac equation for alcoholic fermenta- 
tion. Therefore, the complete conversion of the 5.55 mu of glucose to carbon diox- 
ide and ethanol would result in the formation of 5.55 m.eq. of carbon dioxide. 


accepted, then one must further conclude that ethanol and carbon dioxide 
are not necessarily formed in equimolar quantities during the fermentation. 
Since this finding was so unexpected, a number of experiments were carried 
out to confirm its validity. Invariably, a marked inhibition of ethanol 
production was induced by 0.001 u sodium azide during simultaneous 
fermentations, with and without azide, of paired yeast suspensions prepared 


from a single homogeneous suspension. In repeated fermentations, the 
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carbon dioxide production rate during the induction period with 0.001 M 
azide was almost identical with that of the control. A number of ex- 
periments were carried out in which the fermentations were followed by si- 
multaneous determinations of ethanol, carbon dioxide, and glucose. In- 
variably, when azide was absent, the following was observed: During the 
induction period of fermentation, there was a greater ethanol than carbon di- 
oxide production ; later in the course of the fermentation, there was a more 
rapid carbon dioxide than ethanol production. At approximately the time 
the substrate was exhausted, equimolar quantities of the two products had 
been produced; after the substrate was exhausted, the ethanol production 


Tast III 
Effect of Sodium Azide on Ethanol Production 
No sodium azide 0.001 M NaN. 
Time 
Total“ Rate Total Rate 
15 0.57 0.038 0.39 0.026 
30 1.60 0.068 1.13 0.049 
45 2.46 0.057 2.25 0.075 
60 2.94 0.032 3.18 0.062 
90 3.50 0.019 4.37 0.040 
120 3.56 0.002 
135 5.05 0.015 
165 5.30 0.008 


* The values express the total milliequivalents of ethanol produced, the equivalent 
weight of ethanol being based on the Gay-Lussac equation for alcoholic fermenta- 
tion. 


became negligible or stopped (in some cases the total alcohol even seemed 
to decrease), while a measurable but diminishing carbon dioxide production 
was observed for several hours. 

The possibility was entertained that the seeming inequality between the 
formation of the two products might be an artifact, due either to a lag in 
the carbon dioxide-measuring device or to the binding of carbon dioxide 
within the cells. To test the former possibility, sodium bicarbonate was 
added to a buffer solution in the same manner that glucose was added to 
the yeast suspension in the fermentation studies. The evolution of carbon 
dioxide started immediately, and the rate of evolution was in excellent 
agreement with that predicted for a unimolecular reaction, since a straight 
line relationship was obtained when the data were plotted by the method of 
Mitchell et al. (12). The rapid evolution brought about by adding he- 
molyzed blood as a source of carbonic anhydrase was measured with cor- 


Ses OSS 2 2 


Ero 
8 
nied 
titie 
tion 
bety 
Dare 
acti 
grap 
It 
befo 


Sha 3 Ta 7 


. W. FALES 163 


respondingly good results. Since the initial rates of evolution in these 
experiments were much more rapid than those encountered in the fermenta- 
tion studies, it appears that there was no artifact due to a slow diffusion of 
carbon dioxide from the liquid to gas phase. Since the suspension fluid in 
the fermentation studies was 0.1 M1 monobasic sodium phosphate (pH 4.3), 
there is little likelihood of appreciable quantities of bicarbonate remaining 
in solution. 

In regard to the second possibility, Conway and Brady (13) have found 
that the bound carbon dioxide does increase during fermentation because 
of an increased pH within the cells. However, their data indicate that the 
increase in bound carbon dioxide, with the low concentrations of yeast 
used in the present study, would cause such an insignificant change in the 
carbon dioxide evolution that it would defy measurement. This was con- 
firmed by the finding that the carbon dioxide production of yeast samples 
suspended in 0.1 u KH. PO. and Na H: PO. was identical. Conway and 
O'Malley (14) have shown that the pH of the intracellular medium is 
inereased to a greater extent when fermentation is carried out in the 
presence of potassium rather than sodium; hence a reduced carbon dioxide 
production would be expected with the potassium, if the binding of carbon 
dioxide were a significant factor in the carbon dioxide measurements. 

The observation that carbon dioxide and ethanol may not be produced 
at the same rate is not unique. Guillemet (15), in an investigation of the 
fermentation by certain yeasts of very high and low concentrations of 
maltose and other sugars, found that the ratio of carbon dioxide and ethanol 
may differ. He claimed that there was an independence between the ap- 
pearance of alcohol and carbon dioxide. Alcohol may be formed without 
carbon dioxide and vice versa. Swanson and Clifton (16) found a higher 
alcohol than carbon dioxide production in the early phases of the growth 
with a strain of Saccharomyces cerevisiae. From the discrepancy between 
the molar quantities of ethanol and carbon dioxide produced, they con- 
growth might be from carbon dioxide. 

Simultaneous ethanol and carbon dioxide 6 were also car- 
ried out during fermentations with added azide. Nearly equimolar quan- 
tities of the two products were formed during the entire course of the reac- 
tion in the presence of 0.001 M azide. On the other hand, the discrepancy 
between the two products was greatly enhanced with 10 M azide. Ap- 
parently, this is another example of an enzyme inhibitor acting as an 
activator at very low concentrations. The comparative data are shown 
graphically in Fig. 3. 

It is of interest to note that, if glucose is added to the yeast suspension 
before the azide, no inhibition of alcohol production is induced by 0.001 
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m azide. Malm (17) has shown that glucose also protects veast frem 
sodium fluoride. He suggests that the enzyme surfaces may be saturated 
with substrate so that the poison is unable to make contact. 
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O 
Fic. 3. The ethanol and carbon dioxide production during the fermentation of 
glucose. The experimental conditions were identical with those given under Fig. 2. 
O, no NaN;; , 10 M NaN;j; O, 10-* M NaN, 


DISCUSSION 


The results of this investigation indicate that sodium azide induces com- 
plex changes in the fermentation process. Therefore, it is difficult to postu- 
late a simple mechanism for its action. The proposal of Rothstein and 
Berke (18), that the action of azide is explainable on the basis of an accel- 
eration of the dissimilation of carbohydrate reserves, is inadequate, and the 
experimental evidence and the reasoning on which it was based seem to be 
equivocal. From the observation that the endogenous fermentation rate 
of starved yeast cells was negligible, but was greatly augmented by 2,4 
dinitrophenol and sodium azide, they concluded that normally there is ap 
“uncoupling” of glycogen from fermentative pathways, and that dini- 
trophenol and azide bring about a recoupling. They feel that this con- 
clusion necessarily follows since, in vitro, the reactions between glycogen, 
glucose-1-phosphate, and glucose-6-phosphate are equilibrium reactions, 
and since glucose upon conversion to glucose-i-phosphate by the hexokinase 
reaction is rapidly fermented. It is true that the over-all conversion d 
glycogen to carbon dioxide and ethanol is highly exergonic, but several d 
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the individual reactions involved are endergonic. Without a rapid removal 
of glucose-6-phosphate or an increased inorganic phosphate concentration 
in the vicinity of the phosphorylase system, one would not expect rapid 
glycolysis of reserve carbohydrates. The fermentation of glucose is not 
analogous, since its conversion to glucose-6-phosphate is not an equilibrium 
reaction, but is driven to completion by adenosinetriphosphate (ATP). 
Furthermore, the assumption that normally there is an “uncoupling” of 
stored reserves from the glycolytic reactions is not valid, since Fales (6) has 
shown that one reserve carbohydrate, that is formed transiently during 
fermentation, is very rapidly fermented endogenously. Finally, it is doubt- 
ful that the observed augmentation of endogenous, anaerobic carbon di- 
oxide production was indicative of an increased endogenous fermentation 
of carbohydrate reserves. In agreement with Trevelyan et al. (2), the 
author has observed that azide induced no increase in the endogenous 
utilization of stored carbohydrates as measured by direct carbohydrate 
determinations (unpublished data). 

The theory of Spiegelman et al. (19), that azide prevents a net conversion 
of inorganic to organic phosphate via the Warburg-Christian reaction, 
seems to be more adequate, since many of the observed modifications of 
alcoholic fermentation may be reasonably explained by it. The inhibition 
of assimilation may be due to a relative increase in the intracellular ortho- 
phosphate concentration; the reduced rate of glucose utilization, to a de- 
ereased ATP formation; and the decreased ethanol-carbon dioxide ratio, to 
an inhibition of the Wood-Werkman reaction, which requires ATP (Ven- 
nesland et al. (20)). The changes in the phosphate distribution in the 
presence and absence of azide presented by Spiegelman et al. (19) seemed 
to indicate that azide inhibits the conversion of inorganic to organic phos- 
phate. However, Trevelyan et al. (2) have recently published data that 
are less conclusive in this respect. They proposed that the azide inhibition 
of assimilation may be due either to an increased intracellular orthophos- 
phate concentration or to a decreased glucose-1-phosphate concentration. 
Azide could induce the former by bringing about a net breakdown of meta- 
phosphate and the latter by a direct competition of azide and phosphate 
in a manner similar to the action of arsenate. For the former they have 
some experimental evidence, since they found that azide induced a con- 
siderable absolute increase in inorganic phosphate concentration during 
fermentation in a phosphate-free medium. However, they presented no 
direct evidence that the orthophosphate was derived from metaphosphate, 
and the marked inhibition of glucose utilization might be interpreted to 
indicate that the orthophosphate was formed at the expense of organic 
phosphate. Their contention, that some formation of phosphorylated in- 
termediates at the expense of inorganic phosphate must have occurred for 
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fermentation to proceed at all, does not seem to be valid, since the ATP 
formed at the phosphopyruvate level balances the ATP required for phos- 
phorylation. 

If azide has a single locus of action, the data at hand can best be ex- 
plained on the basis of some action on the Warburg-Christian reaction, 
whereby the conversion of inorganic to organic phosphate is inhibited. 
However, the possibility of several loci of action should not be overlooked. 
At low concentrations, only the locus most sensitive to azide may be 
affected (fermentative phosphorylation), causing an inhibition of assimila- 
tion without inhibition of glucose utilization. At higher azide concentra- 
tion, other loci may be affected, and there may be a net breakdown of 
organic phosphate causing a concurrent inhibition of glucose utilization. 


SUMMARY 


The changes in the course of alcoholic fermentation induced by sodium 
azide were followed with a series of quantitative analyses during the an- 
aerobic fermentation of glucose by living yeast cells. It was found that 
sodium azide modified the fermentation brought about by a commercial 
strain of bakers’ yeast as follows: 

1. Glucose utilization was markedly inhibited by 0.001 u sodium azide, 
but was little affected by 0.0001 M azide. 

2. During the initial period of fermentation, 0.001 mM azide induced no 
significant change in the rate of carbon dioxide production, but there was 
a marked augmentation in the presence of 0.0001 m azide. Therefore the 
consistent finding was an increased efficiency in the conversion of glucose 
to fermentation products when azide was present. 

3. Assimilation was completely inhibited by 0.001 M azide, there being 
no increase in the cellular carbohydrate content of the yeast cells. No 
marked dissimilation of carbohydrate reserves was induced, the carbohy- 
drate content of the cells remaining almost constant during the fermenta- 
tion. 

4. Over 90 per cent of the glucose utilized during the fermentation with 
0.001 u azide was recovered as carbon dioxide and ethanol. It was as 
sumed that the failure to recover the theoretical quantities of these prod- 
ucts was due to the formation of other products not analyzed, principally 
glycerol. 

5. During the induction period of fermentation, 0.001 M sodium azide 
brought about a marked inhibition of ethanol production, with no signifi- 
cant change in carbon dioxide production, indicating that carbon dioxide 
and ethanol are not necessarily produced in equimolar quantities during 
the fermentation of glucose. 

6. In the absence of azide, there was a more rapid ethanol than carbon 
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dioxide production during the induction period; later in the course of the 
fermentation the rate of carbon dioxide production was greater than that 
for ethanol; but at approximately the time that the substrate was ex- 
hausted, equimolar quantities of the two products had been formed. More 
nearly equimolar quantities of the two products were produced during 
fermentation with 0.001 m azide, but the discrepancy was increased by 
10-* M azide. 

It was concluded that the experimental results could best be explained 
on the basis of an inhibition of a net conversion of inorganic to organic 
phosphate via the Warburg-Christian reaction as suggested by Spiegelman 
et al. (19), if a single locus of action be assumed. However, the complex 
changes induced by various concentrations of azide may indicate that 
there are several loci of action. 
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DIET AND THE ERGOTHIONEINE CONTENT OF BLOOD 


By ROBERT C. BALDRIDGE anno HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University 
of Michigan, Ann Arbor, Michigan) 


(Received for publication, December 1, 1952) 


Although the ergothioneine content of the blood of at least eleven species 
of animals has been determined (cited by Heath et al. (1); also see Christ- 
man et al. (2)) and the compound has been isolated from the blood of the 
pigeon (3) and the pig (4, 5), the biological origin and function of ergothi- 
oneine are still unknown. It has not been possible to confirm (6) earlier 
observations of the relation of diet to the ergothioneine content of the blood 
of the pig (7). Significant differences in the ergothioneine content of the 
blood of rats fed various cereal grains are stated to occur (6, 8). The 
ergothioneine of the blood of rats is very low; when ergothioneine was 
incorporated daily into the diet of rats, the base was present in significant 
amounts in the erythrocytes only after almost 2 weeks of feeding (1). 
This suggested that the compound was incorporated into the red blood cells 
during hematopoiesis. 

Since much of the earlier data relating to the effect of diet on blood 
ergothioneine was obtained by the use of analytical procedures, the accu- 
racy and specificity of which have been questioned (9, 10), we have modified 
the Hunter method (11) to increase its specificity. The results have been 
checked by the use of paper chromatography. The relationships between 
diet and blood levels of ergothioneine in the rabbit and the rat have been 
studied. In addition, ergothioneine' has been administered and its con- 
centration in the blood has been determined. 


EXPERIMENTAL 

Analytical Procedure—Since it was observed that solutions of histidine 
yielded considerable color in the Hunter procedure (11), even when the time 
of coupling with the buffered diazo reagent was reduced from 45 to 30 
seconds, a correction was made for the histidine normally present in blood. 
This was accomplished by the analysis of a series of solutions containing 
known concentrations of ergothioneine, histidine, and a mixture of both of 

' Ergothioneine hydrochloride dihydrate was obtained from the laboratories of 
Burroughs, Wellcome and Company of London. We wish to express our apprecia- 
tion to the Horace H. Rackham School of Graduate Studies for a grant to one of us 
(L.) from the Faculty Research Fund, which made possible the purchase of the er- 


gothioneine used in these experiments. All ergothioneine values are calculated as 
the free base. 
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these compounds by this modification of the Hunter method. Absorption 
spectra (Fig. 1) were approximated from the optical densities thus obtained, 
At most wave-lengths the sum of the optical densities of the ergothioneine 
and histidine solutions was equal to the optical density of a solution which 
contained a mixture of similar concentrations of both. For the determina- 
tion of ergothioneine in the presence of histidine, measurements were made 
at 420 and 540 ma. The total optical density at each of these wave-lengths 
was regarded as the sum of those due to each component. Simultaneous 
equations based upon Beers’ law, similar to those described by Comar and 
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Fic. 1. Absorption spectra of diazotized ergothioneine and histidine solutions. 
The compounds in the concentrations indicated were carried through the Hunter 
analytical procedure as modified for the determination of ergothioneine in the pres- 
ence of histidine. The optical densities (L) were measured with a Coleman model 
No. 11 spectrophotometer. Curve 1, histidine 1.00 mg. per cent; Curve 2, ergothi- 
oneine 0.88 mg. per cent; Curve 3, histidine 1.00 mg. per cent plus ergothioneine 0.88 
mg. per cent; Curve 4, summation of Curves 1 and 2. 


Zscheile (12), were derived.? These were solved for formulas which could 
be used to calculate ergothioneine concentrations from the measured optical 
densities. In the application of this method to blood filtrates, the assump- 
tion was made that diazo-reacting substances other than ergothioneine 
would, if present in significant amounts, yield colors similar to that formed 
by histidine (13). It should be noted that the colors obtained with stand- 
ard solutions containing both ergothioneine and histidine more closely ap- 
proximated those observed with samples of blood filtrates than did the 
colors obtained with ergothioneine alone. 

The reported interference of uric acid in the determination of ergothio- 


* The detailed equations and their derivation are discussed in the thesis of R. C. 
Baldridge on file in the General Library of the University of Michigan. 
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neine by diazotization procedures (10) was confirmed and extended to 
include several methyl derivatives of uric acid. In preliminary experi- 
ments we obtained poor recoveries of ergothioneine added to human blood 
(molybdic acid (14) was used as the protein precipitant). However, after 
incubation of blood plus ergothioneine with a uricase preparation from pig 
kidney (15), the compound could be consistently recovered from the molyb- 
dic acid filtrates. As equally good recoveries of added ergothioneine were 
obtained from samples of pig and rabbit blood deproteinized with acetic 
acid and heat (11) without prior incubation with uricase, the latter prepara- 
tion of blood filtrates was used throughout the remaining course of the 
work. Added glutathione, suggested by Hunter as an interfering sub- 
stance, had no adverse effect. 

One-dimensional, ascending paper chromatography (16) was used to 
check the analytical method and to provide additional evidence for the 
presence or absence of ergothioneine. Aliquots of protein-free filtrates 
from rabbit blood were applied directly to paper strips. Protein-free 
filtrates from red blood corpuscles of rats were treated with acid silver 
lactate solution (17). The resulting precipitates were washed with acid 
sodium chloride solution (17) and dissolved in 5 per cent aqueous sodium 
cyanide solution. Aliquots of these solutions were applied to paper strips. 
Solvent mixtures used were either benzene, butanol, methanol, and water 
(1:1:2:1), or butanol, glacial acetic acid, and water (5:5:3). Spots on 
the chromatograms were detected by spraying the dried strips with a 
freshly prepared mixture of equal parts of sodium acetate-carbonate solu- 
tion and diazotized sulfanilic acid solution (11). The yellow color of the 
spots, due to ergothioneine, changed to magenta upon the addition of 
alkali (10 N NaOH). 

Albino male rabbits, maintained for some time in this laboratory in 
metabolism cages and fed a diet of oats and cabbage, were found to have 
higher levels of blood ergothioneine (over 25 mg. per cent in whole blood) 
than had been reported previously. No appreciable change in blood levels 
occurred following removal from the diet of cabbage for 1 week or of oats 
for a period of 3 weeks. | 

Rabbits obtained from another laboratory were found to have compara- 
tively low levels (4.2 to 7.2 mg. per 100 ml. of whole blood). The diet fed 
previously had consisted of oats ad libitum and a handful of greens daily, 
consisting of leaves of cabbage, lettuce, cauliflower, or celery, depending 
upon what was available. These animals were placed in smaller metab- 
olism cages and fed a diet of oats and cabbage only. Repeated determina- 
tion of the ergothioneine content of the blood over a period of several 
weeks revealed a consistent increase with the time of caging (Fig. 2, Rabbits 
A, B, and C). The increase in the blood of a fourth rabbit (Rabbit D), 


ot ion 
ined. 
eine 
‘hich 
ina- 
gths 
eous 
and 
tions. 
unter 
pres- 
model 
gothi- 
e 0.88 
ould 
tical 
ump- 
neine 
rmed 
and- 
y ap- 
the 
»thio- 
R. C. 


172 BLOOD ERGOTHIONEINE 


fed a diet of commercial rat chow (Rockland), was not so marked. Re. 
placement of the natural foodstuffs fed to Rabbit A with a purified diet 
containing 20 per cent casein (18) during the 12th to the 16th week had no 
appreciable effect on the concentration of blood ergothioneine. That er. 
gothioneine was the compound being measured was indicated by the agree. 
ment between the analytical values obtained and the concentrations esti- 
mated from the size and intensity of spots on paper chromatograms of 
suitable aliquots of blood filtrates. 
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Fra. 2. Variations in the ergothioneine content of the blood of rabbits main- 
tained on standard diets for prolonged periods. The data for each rabbit are plotted 
in separate graphs. Approximate curves are shown for each. See the text for the 


diets fed. 


To confirm this heretofore unreported increase, other rabbits obtained 
from the same source were fed a diet of oats and cabbage. Blood filtrates 
were analyzed and also chromatographed. The chromatographic findings 
were in agreement with the increases found by colorimetric avalysis (Table 
I). For example, in the case of Rabbits E and G, initially 1 ml. of blood 
filtrate applied to a paper strip gave no evidence of the presence of er- 
gothioneine. After 6 or 7 weeks, lesser amounts of blood filtrate yielded 
positive tests for the compound. 

In a further attempt to rule out the possible effect of caging, a rabbit 
which ate the purified (casein) diet well was studied along with two other 
rabbits which were fed oats and cabbage. While the usual increases in 
blood ergothioneine in the latter were observed after 7 weeks, this did not 
occur in the blood of the rabbit fed the purified (casein) diet. The initial 
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ergothioneine concentration in the whole blood of this rabbit was 7.7 mg. 
per cent. After 15 weeks on a diet devoid of oats and cabbage, the level 
of ergothioneine in the blood had fallen to 3.2 mg. per cent. It has been 
reported by others (19) that the ergothioneine concentration in the blood 
of rabbits decreases, following consumption of a purified diet for several 
months. 

To gain more knowledge of the relationship between administered er- 
gothioneine and the blood levels in the rabbit, the compound was given 
orally or injected intraperitoneally. 176 mg. of ergothioneine were given 


Taste I 
Ergothioneine of Rabbit Blood 
Rabbit Period on diet — to — evidence for 
wks. mi. 
D 3 1.0 | 5.3 — 
| 1.5 | 7.9 + 
+ 
4 | 1.0 | 6.4 + 
| 6 | 1.0 | 8.1 + 
| 12 | 0.5 4.3 — 
| 1.0 | 8.6 + 
| 16 | 0.5 | 4.1 — 
1.0 | 8.2 + 
E 1 | 1.0 | 4.9 — 
7 | 0.4 | 7.8 + 
| 1 | 1.0 | 6.1 — 
6 | 08 8.7 + 
| 10 : 0.4 7.8 + 


* The blood filtrate represents 1:10 dilution of whole blood. 
t By colorimetric analysis. 


by stomach tube to each of three rabbits (weight about 2 kilos). Blood 
samples taken immediately before and 24 hours after administration re- 
vealed no appreciable change in ergothioneine content.“ Similar results 
were obtained with three rabbits after intraperitoneal injection of 88 mg. 
of the compound as a suspension in a buffer (pH 7.3). If one assumes 
that ergothioneine is incorporated into the red blood cells only during 
hematopoiesis and that there is a limit to the amount in each newly formed 
erythrocyte, the amounts of ergothioneine taken up by the cells in 24 
hours following administration of the compound would be so small as to 
cause only slight variation in the total blood levels. 


No appreciable change was observed in the blood of another rabbit 6 hours 
after oral administration of 176 mg. of ergothioneine. 
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It is not believed that the ergothioneine of the blood of rabbits fed oats 
and cabbage was derived from the diet per se. No ergothioneine could be 
detected in extracts of these foodstuffs. The nature of the stimulus to the 
incorporation of ergothioneine into the red blood cells is not apparent, but 
it is believed that the analytical and chromatographic evidence presented 
herein establishes that oats and cabbage constitute an ergothioneinogenie 
diet for the rabbit. 

As it had been suggested that the inclusion of certain cereal grains in the 
diet may influence the blood levels of ergothioneine in the white rat (6, 8), 
this was also studied. Twenty-four males (100 to 200 gm. in weight) were 
divided into four groups of six each. Groups I and II were fed diets 
containing 50 per cent ground oats and corn respectively; Groups III and 
IV were fed diets high and low (35 and 5 per cent respectively) in casein. 
With the exceptions of the oats and corn, the dietary constituents were 
purified foodstuffs assumed to contain no ergothioneine nor its immediate 
precursors. All of the rats gained weight during the experimental period 
except those fed the low casein diet (Group IV). The food intake of each 
rat was limited to 10 gm. per day. 

One rat of each group was sacrificed at the end of the 4th week and the 
other animals at intervals in the following 3 weeks of the experimental 
period. The blood corpuscles of each rat were examined for the presence 
of ergothioneine. The silver-precipitable material from the cells from |! 
ml. of blood was applied to paper strips and chromatographed as described. 
No ergothioneine was detected by this method in the blood corpuscles of 
any of the rats studied. Ergothioneine added to samples of rat blood cells 
to yield concentrations of 1 to 2 mg. per 100 ml. of whole blood was readily 
observed on chromatograms similarly prepared. It was also detected on 
chromatograms from unsupplemented samples of human red blood cor- 
puscles. 

On the paper chromatograms of some of the rat blood samples a sub- 
stance was present which formed a pink-red color with the buffered diazo- 
tized sulfanilic acid spray. In the solvent mixture used, this material 
migrated more rapidly than did added ergothioneine. It was consistently 
present in relatively large amounts on chromatograms of preparations from 
the erythrocytes of rats fed oats; it was barely visible on those of rats fed 
the corn and low protein (casein) diets; none was noted on those of rats 
fed the high protein diet. This substance was similarly found in the red 
blood cells of rats which had been fed a diet of commercial chow. 

It was of interest to determine the amount of apparent ergothioneine in 
the red blood corpuscles of some of the rats studied. Potter and Franke 
(8) measured the amount of color produced with uric acid reagents by the 
material in rat blood which was precipitable by certain silver salts. A 
comparable measurement was made in the present work. On analysis with 
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uric acid reagents, color equivalent to approximately 4.1 and 5.9 mg. of 
ergothioneine per 100 ml. of whole blood was found in the case of two rats 
fed the diet of 50 per cent oats. Negligible color was produced by the 
substance precipitated from the red blood cells of two rats fed the casein 
diets and a small amount of color, perhaps the equivalent of 2 mg. per 
cent of ergothioneine, was observed with the material from the blood cells 
of a rat fed the 50 per cent corn diet. These findings confirm the observa- 
tions of Potter and Franke that diet does influence the amount of a com- 
pound in rat blood which is precipitable by silver salts and which gives a 
color with uric acid reagents. However, this substance is not ergothio- 
neine. From the chromatograms it could be concluded that there was less 
than 1 mg. per cent of ergothioneine in the blood of the rats studied. 
Lawson et al. (20), using more specific analytical methods (iodobismuthic 
acid as a precipitant for ergothioneine), found less than 1 mg. per cent of 
ergothioneine in the blood of white rats. These findings are in agreement 
with our own. The values reported by others may perhaps be explained 
on the basis of the tyrosine, histidine, and silver-precipitable substances of 
unknown nature in the erythrocytes of animals fed diets containing natural 
foodstuffs. 

Ergothioneine was administered either orally or intraperitoneally to six 
white rats. Analysis of the apparent content of the red blood corpuscles 
24 hours after administration of 17.6 mg. of the compound by either route 
revealed little difference from that in control rats. 


SUMMARY 


1. The Hunter method has been modified to permit the determination 
of ergothioneine in the presence of histidine. 

2. Chromatographic evidence has been obtained for the presence of er- 
gothioneine in erythrocytes of rabbits and its probable absence from those 
of the rat. 

3. A 4- to 6-fold increase in the concentration of ergothioneine of the 
blood of rabbits was observed when the animals were caged and fed a diet 
of oats and cabbage for a period of several weeks. In contrast, a decrease 
was observed in the blood of a rabbit fed a purified (casein) diet for a similar 
period. 

4. Oral or intraperitoneal administration of ergothioneine to the rabbit 
or the rat was not followed by an increase in its concentration in the blood 
within 24 hours. 
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RATE OF SYNTHESIS OF DESOXYRIBONUCLEIC ACID AND 
MITOTIC RATE IN LIVER AND INTESTINE 


Br CATHERINE E. STEVENS, R. DAOUST,* anv C. P. LEBLOND 


(From the Department of Anatomy, McGill University, and the Montreal Cancer 
Institute, Notre-Dame Hospital, Montreal, Canada) 


(Received for publication, October 17, 1952) 

The incorporation of radiophosphorus (P*) into desoxyribonucleic acid 
(DNA) has been shown to parallel the incidence of mitosis in various tissues 
(1-4). In tissues without mitotic activity, such as brain cortex, skeletal 
muscle, and cartilage, injected P* was not found in DNA (4). Accord- 
ingly, it is generally thought that the presence of P&* in DNA occurs as a 
result of the synthesis of additional DNA which accompanies mitosis (1-4). 
In the present work, the rate of incorporation of P& into DNA and the 
rate at which new cells are formed by mite is were measured quantitatively 
and the results compared. This was done in rat liver, an organ with a low 
mitotic activity, and in rat intestinal mucosa, a tissue with a high mitotic 
activity. In both cases, twice as much phosphorus appeared in DNA as 
could be accounted for by the synthesis of the additional DNA required 
for the new cells. This finding may be explained only by assuming that 
all of the DNA phosphorus (DNA P) of the cells arising from mitosis is 
newly formed. 


Methods 


Estimation of Rate cf Cell Production—The rate of cell production in the 
liver was measured by estimating the daily increase in the total number of 
cells. Four groups of six rats, whose average body weights were 51, 150, 
198, and 332 gm., respectively, were used. In each animal the liver was 
weighed and the number of nuclei per gm. of fresh tissue estimated by the 
method of Price and Laird (5), modified by replacing the nuclear stain, 
methyl green, by orcein (1 per cent in 45 per cent acetic acid). From the 
number of nuclei found per gm. of liver and the increase in the size of this 
organ per day in rats weighing 175 to 225 gm., the number of cells formed 
per day was calculated. 

The mucosa of the small intestine is composed of epithelium and lamina 
propria, both of which were included in cell counts as well as in chemical 
estimations. To estimate the daily rate of cell formation, six male rats 
weighing from 175 to 200 gm. were sacrificed 4 hours after a subcutaneous 
injection of 0.1 mg. of colchicine per 100 gm. of body weight, a dose which 
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arrests the mitotic process at metaphase (6-9). From each animal five 
pieces of intestine were taken and fixed in Susa: beginning of the duodenum, 
beginning of the jejunum, beginning, middle, and end of the ileum. After 
staining with the periodic acid-Schiff technique and counterstaining with 
hematoxylin, resting and dividing nuclei were counted under high power, 
A mask outlining a square field was placed in one of the oculars of a binocu- 
lar microscope. Counts were made of all nuclei of the mucosa in a series 
of such square fields from the tips of the villi down to the muscularis 
mucosa. Over 75,000 nuclei were enumerated. From these counts, the 
percentage of cells undergoing mitosis in 4 hours was determined, and 
from this the rate of cell formation per day was calculated and expressed as 
per cent of the total number of cells present. 

Estimation of Rate of Formation of DNA P—In preliminary experimenis, 
the specific activity of the inorganic and organic components of the acid- 
soluble phosphorus fractions was examined in liver and intestinal mucosa 
at various time intervals after P® injection. Adult albino rats weighing 
175 to 200 gm. were injected subcutaneously with 200 yc. of P as sodium 
phosphate (pH 5.5), an amount causing no apparent histological alteration 
of normal or dividing cells in the intestinal mucosa. Groups of four ani- 
mals (two males and two females) were sacrificed at intervals of 3, 6, 12, 
24, 36, and 48 hours after injection. 

Under ether anesthesia, the animals were exsanguinated from the ab- 
dominal aorta. The livers of the four rats composing each group were 
pooled and forced through a plastic squeezer. 3 gm. of liver pulp were 
weighed and homogenized in ice-cold 10 per cent trichloroacetic acid in a 
Potter-Elvehjem type homogenizer. The small intestine was cut open 
lengthwise and flattened out, muscle side down on the table. The in- 
testinal content was wiped away and the mucosa, the visible lymphatic 
accumulations and Peyer patches being excluded, was removed with 3 
scalpel. The mucosae of the four rats composing each group were pooled 
and 3 gm. weighed and homogenized with ice cold trichloroacetic acid, as 
above. 

The supernatant fluids of liver and mucosa samples (acid-soluble frac- 
tion) were removed by filtration. The inorganic phosphorus and organic 
phosphorus were separated (10) and both, as well as an aliquot of the whole 
acid-soluble fraction, were digested with concentrated sulfuric acid for 
determination of specific activity. The phosphorus content was measured 
(11). For P. estimation, triplicate plates were prepared by placing 0.5 
ml. of the digested material on 20 mm. watch-glasses with 4 drops of 1.5 
N potassium hydroxide and 2 drops of concentrated perchloric acid. These 
were dried on a hot-plate until a fine crystalline film formed and were 
counted by Geiger-Miiller tube. The specific activities obtained were ex- 
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pressed as the percentage of the injected P* dose per microgram of P., the 
figure for the injected dose being adjusted for 200 gm. of body weight. 

The main experiments consisted of a comparison of the specific activities 
of the DNA P with those of the acid-soluble phosphorus in liver and 
intestinal mucosa. Groups of animals similar to those of the preliminary 
experiments were injected with 200 yc. of radiophosphorus. In the case of 
the liver, the rats were sacrificed at intervals of 24, 48, and 72 hours after 
injection, while in the case of the intestinal mucosa, they were sacrificed at 
3, 6, 12, and 24 hours after injection in a first series of experiments, and at 
12, 24, 36, and 48 hours after injection in a second series of experiments. 
The acid-soluble and DNA P fractions of liver and intestinal mucosa were 
isolated by a slightly modified Schmidt-Thannhauser procedure (12). (Ex- 
periments to be published separately showed that the DNA P fraction thus 
isolated was free from inorganic or other phosphorus contaminants.) The 
specific activities of the fractions were determined as above and the rate of 
formation of DNA P calculated as indicated below. 


RESULTS AND DISCUSSION 


Rate of Cell Formation In the liver, the number of cells per gm. of tissue 
was not statistically different in the four groups examined (Table I) and, 
therefore, was presumed to remain unchanged in rats growing from 51 to 
332 gm., while the weight of the liver undergoes a 4-fold increase. Thus, 
the increase in liver weight was due exclusively to an increase in cell num- 
ber; consequently, the rate of weight increase equaled the rate of cell 
formation. To estimate the rate of increase of liver weight, use was made 
of the observation (F. Bertalanffy, unpublished) that the animals of our 
colony increased in body weight from 175 to 225 gm. in 16.4 days, while 
liver weight increased from 7.91 to 8.89 gm. on the average. Liver weight 
increase per day was, therefore, 0.060 gm. Since, in 200 gm. rats the mean 
liver weight was 8.40 gm., the liver growth per day in animals of this size 
was 0.71 per cent. So was the rate of cell formation. 

In the mucosa of the small intestine, the average number of cells arrested 
at metaphase at 4 hours after colchicine administration was 7.13 per cent 
(with a standard deviation of 1.10 per cent). This high number was due to 
the fact that new epithelial cells continuously arose by mitosis in the crypts 
of Lieberkuehn, moved towards the lumen of the intestine along the walls 
of the villi, and were finally extruded at the tips of the villi (9). Here, the 
new cells added in the crypts replaced those lost from the villi, thus renew- 
ing the epithelium. (In liver, the new cells are retained indefinitely.) 

For the intestinal mucosa, the rate of cell formation per 24 hours may be 
calculated from the number of cells entering mitosis in 4 hours on the 
assumption that diurnal variation is negligible (9), and was found to be 
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42.8 per cent. This figure may be low, for a lag of approximately 45 
minutes has been observed between injection and visible effect of colchicine 


(8). Correction would raise the figure to 52.7 per cent. 
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TABLE I 


Mean Number of Nuclei per Gm. of Fresh Liver in Rats of Various Body Weights 


Mean body weight and range * nn 
— | 
51 (50- 55) 134.2 + 14.7 
150 (145-155) 133.8 + 10.5 
198 (176-220) 135.2 + 17.6 
332 (320-350) 130.8 + 8.3 
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Fid. 1. Specific activity of acid-soluble phosphorus fractions of rat liver at vari- 
ous time intervals after injection of radiophosphorus. 
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Rate of Formation of DNA P--In preliminary experiments, the specific 
activities of the inorganic and organic phosphorus components of the acid- 
soluble fraction in liver (Fig. 1) and intestinal mucosa (Fig. 2) were found 
to decrease with time. Furthermore, the initial difference between the 
specific activities of the whole acid-soluble fraction and its inorganic com- 
ponent likewise diminished. At 12 hours, all values were similar, indicat- 
ing equal labeling of the main components. 

In the experiments on the incorporation of radiophosphorus into DNA 
(Table II), the acid-soluble phosphorus also showed a fall with time, while 
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Fic. 2. Specific activity of acid-soluble phosphorus fractions of rat intestinal 
mucosa at various time intervals after injection of radiophosphorus. 


DNA specific activity gradually increased. In the intestinal mucosa, DNA 
specific activity apparently reached a maximum at about 36 hours, i.e., at 
approximately the time when histological evidence suggests that labeled 
cells reach the tips of the villi and extrusion into the lumen begins (9). 

The percentage of DNA P formed during a given interval may be cal- 
culated as the percentage ratio of the specific activity of DNA P at the 
time of sacrifice to the average specific activity of the precursor from the 
time of injection to that of sacrifice (assuming no loss of labeled DNA 
during this interval (1)).! 

Similar results were obtained when calculations were carried out by the method 
of Zilversmit et al. (23), modified on the basis of the assumption that there is no loss 


of labeled DNA P, a fact which is correct in the case of the liver and during the ini- 
tial part of the experiments carried out with intestinal mucosa. 
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The DNA P precursor is generally considered to be an acid-soluble com. 
ponent of the tissue. Presuming that the precursor is in rapid equilibrium 
with other acid-soluble phosphorus compounds, the specific activity of the 
whole acid-soluble phosphorus fraction recorded in Table II was considered 
as being that of the precursor in calculating the per cent daily formation 
rate of DNA P (Table III). The average percentages obtained were 1.2 
for liver and 114.5 for intestinal mucosa. 

On the other hand, a number of authors (13-16) considered the DNA P 
precursor to be the tissue inorganic phosphorus. The specific activity d 
the latter was not determined in the main experiments (Table II), but was 


Taste II 
— Activity“ of Acid-Soluble and DNA Phosphorus Fractions from Liver and 
Intestinal Mucosa 
Interval bet pu Liver Intestinal mucosa 
injection and sacrifice — 
Acid- soluble DNA P Acid- soluble P DNA P 
Ars. 
3 19.08 11.72 1.72 
6 10.58 8.65 3.05 
12 6.73 6.93-7.38 5§.52-3.85 
24 3.70-3.76 0.11 6.34-5.70 7.34-5.92 
36 2.70 4.90 7.02 
48 2.36-3.03 0.10 4.09 6.52 
72 2.60 0.18 | 


* Expressed as percentage of the injected dose per microgram of P X 10, the 
figure for the injected dose being adjusted for 200 gm. of body weight. 

t The figures in bold-faced type were obtained in the experiment illustrated in 
Fig. 1. 


estimated approximately from values obtained for the acid-soluble phos 
phorus fraction (on the assumption that the specific activities of these two 
fractions were proportional to those in Figs. 1 and 2 at any given time 
interval). The percentage daily formation rates of liver DNA P thus were 
1.26, 0.86, and 1.27 on the 24, 48, and 72 hour data, respectively, or 1.13 
on the average. This is in good agreement with results obtained by other 
authors; namely, 1.2 per cent (13), 0.96 and 1.44 per cent (14), 1.20 and 
1.68 per cent (15), and a recalculated 1.07 per cent (16). In intestinal 
mucosa, the percentage daily formation rate of DNA P was 96.4, 99.0, and 
89.6 from the 3, 6, and 12 hour data, respectively, or 95.0 on the average. 
However, in experiments of 2 hours duration, Hevesy and collaborator 
obtained values of 57.6 per cent (15) and 32.4 per cent (14), calculated 
from the specific activity of the precursor inorganic phosphorus at the 
moment of sacrifice. The discrepancy may not be as pronounced as it 
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appears, since the authors state that the figures would be nearly doubled 
if calculated with the whole 2 hour average specific activity instead of that 
present at exactly 2 hours after injection of P®. The figures would then 
be comparable to those observed here. 

Comparison of Formation Rates of Cells and DNA P— The duplication of 
3 cell at mitosis is associated with a duplication of its content of DNA 
(5,17-21). Thus, additional DNA, and accordingly additional DNA phos- 
phorus, appears at the rate at which new cells are formed. The incorpora- 
tion of P* into DNA was generally believed to be a result of the synthesis 
of such additional DNA, since, like the latter, it was shown to occur ex- 


Taste III 


Rete of Formation of DUA Phosphorus in Liver and Intestinal Mucosa, Calculated 
at Various Times after Injection 


Amount of DNA P — 
time interval, per AP per dag, 
— —— DNA P present 
Liver Intestinal mucosa Liver Intestinal mucosa 
Ars 
3 14.7 117.6 
6 29.9 119.6 
12 53.2 106.4 
24 1.36 87.2 1.36 (87.2) 
36 102.8 (68.5) 
48 1.91 104.8 0.96 (52.4) 
72 4.16 1.39 


* The values in parentheses were excluded from the mean for the reasons made 
clear in the text. 


clusively in relation to mitosis (2-4, 20). The dividing cell was thus 
regarded as containing half old, half new DNA P which was to be 
distributed equally to the daughter cells. Consequently, it was expected 
that the rate of formation of new DNA P, assumed to represent formation 
of additional DNA P, would equal the rate of cell formation. This was 
not the case. 

In the liver, the quantity of DNA P formed per day was either 1.24 per 
cent (acid-soluble phosphorus as precursor) or 1.13 per cent (inorganic 
phosphorus as precursor) of the total DNA P present, while only 0.71 per 
cent of the total number of cells was newly formed in a like time interval. 
In the intestinal mucosa, corresponding values of 114.4 or 95.0 per cent 
were obtained for the daily formation of DNA P, while the number of cells 
formed per day was only 42.8 per cent of the total cell population (or, if 
corrected for the colchicine lag, 52.7 per cent). 
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Thus, in the liver as well as in the intestinal mucosa of the adult rat, the 
apparent formation rate of DNA P was approximately twice that of the 
cells (or of additional DNA P). The exact figures were somewhat leg 
than twice in the case of the liver and somewhat more than twice in the 
case of the intestinal mucosa. It was, however, felt that from the con- 
sideration of both cases the conclusion that DNA P was formed twice as 
fast as the cells was justified. This was further confirmed by the observa. 
tion that, in livers of young rats and in Jensen sarcoma, only about half 
the labeled DNA P formed could be accounted for by an increase in DNA 
P content (1). 

Thus, while mitosis produces an additional amount of DNA P equal to 
the amount originally present, the quantity of newly formed DNA P is 
twice that accounted for by the additional DNA P. Therefore, not only 
is mitosis associated with formation of additional DNA P, but it must also 
be concerned with the replacement of the original DNA P to provide both 
daughter cells with newly formed DNA P exclusively. 

The key position of the phosphate groups in binding the nucleoside 
residues of the DNA molecule makes it difficult to explain the present 
results by a mere replacement of the phosphate of the original DNA by 
exchange, but rather suggests that the entry of new phosphate groups is 
associated with extensive transformations of the molecule. These trans- 
formations may involve the bases and carbohydrate moieties of DNA, since 
some observations indicated that the components of the bases are in- 
corporated into DNA at the same rate that phosphorus is (22). 

These transformations presumably coincide with the entry of P® into 
DNA, which occurs some time before prophase (20, 21). During such 
a period, 2 new DNA molecules would appear for each degraded molecule. 

It is not easy to visualize how the rigid chromosome pattern required by 
modern genetics is maintained under these conditions. Whether the orig- 
inal DNA acts as a model for the synthesis of a double amount of DNA 
while itself disappearing, or whether the pattern of the nucleoprotein is set 

* The loss of preexisting DNA P in the course of mitosis may explain why use of 
the 12 and especially the 24 hour data in calculating the daily formation of DNA P 
in the intestinal mucosa gave low values (Table III). In this tissue, the dividing 
cells are all concentrated in a small area, the crypts of Lieberkuehn, and therefore 
they must divide repeatedly to produce the high number of mitoses occurring over 
periods of 12 or 24 hours (9). Whenever a cell whose DNA was labeled in a previous 
mitosis reenters mitosis, the labeled phosphorus of the DNA is lost and replaced by 
new labeled phosphorus. Loss of labeled DNA is not taken into account in the 
method used for calculation, hence the apparent decrease in the figures for the daily 
formation of DNA P. (At 36 and 48 hours, there may also be a loss of whole cells 
with labeled DNA by extrusion into the intestinal lumen, as previously described 
(9).) 
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by the protein component persisting as a permanent skeleton after disap- 
pearance of DNA, remains to be determined. 


The rate of formation of desoxyribonucleic acid phosphorus was com- 
pared to the rate of cell formation in the liver and intestinal mucosa of rats 
weighing approximately 200 gm. 

To calculate the formation rate of DNA P, the specific activities of the 
inorganic, acid-soluble, and DNA P fractions of liver and mucosa of small 
intestine were estimated in rats sacrificed at 3, 6, 12, 24, 36, 48, and 72 
hours after injection of radiophosphorus. Considering the specific activity 
of the whole acid-soluble phosphorus as representing that of the precursor, 
the DNA P formation per day in the liver and intestinal mucosa was 
estimated to be 1.24 and 114.5 per cent, respectively, of the total DNA P 
present ; corresponding values of 1.13 and 95.0 per cent were obtained when 
the tissue inorganic phosphorus was considered the precursor. 

The cell formation per day in the liver was estimated to be 0.71 per cent 
of the cells present, while, in the intestinal mucosa, a value of 42.8 per cent 
was obtained (or, if corrected for a lag period in the colchicine technique, 
52.7 per cent). 

A comparison of the two sets of data suggests that DNA P is formed at 
a rate approximately double that of cell formation, whether liver or in- 
testinal mucosa is considered. This finding can be explained only by as- 
suming that mitosis is associated not only with formation of additional 
DNA P but also with replacement of the original DNA P, both daughter 
cells receiving newly formed DNA P exclusively. Possibly, the bases and 
carbohydrate moieties of DNA in such cells are also newly formed. 


This work was supported by a grant from the National Cancer Institute 
of Canada. The help of Dr. Phoebe Cox is acknowledged. 
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BLOOD ERGOTHIONEINE IN THE GERM-FREE CHICKEN* 


Br DONALD B. MELVILLE anno WILLIAM H. HORNER 


(From the Department of Biochemistry, Cornell University Medical College, New York, 
New York) 


(Received for publication, November 18, 1952) 


The available data regarding the origin of red cell ergothioneine are 
extremely meager and somewhat contradictory. The early work of Eagles 
and Vars (1) showing high ergothioneine levels in the blood of pigs on corn 
diets led them to suggest that a dietary precursor, presumably thiolhisti- 
dine, is present in the corn protein, zein. Other workers (2, 3) have not 
been able to confirm this. We have examined various zein hydrolysates 
by the starch chromatographic method of Moore and Stein (4) and have 
found no evidence for the presence of either thiolhistidine or ergothioneine. 
In fact, all the methods of protein hydrolysis which we tried, including that 
described by Eagles and Vars, resulted in extensive destruction of added 
thiolhistidine and ergothioneine. 

Recent data by Spicer, Wooley, and Kessler (5) have demonstrated an 
effect of diet on the blood ergothioneine level of the rabbit; on the other 
hand, the individual variations in human ergothioneine levels appear to be 
inexplicable on this basis (6). 

In view of the fact that ergothioneine, which has been discovered in the 
blood of all species of animals so far examined (cf. Hunter (7)), has not 
yet been shown to be present in common foodstuffs, or to be synthesized 
in the body, it was of interest to determine whether or not it might originate 
from synthesis by intestinal microorganisms. A preliminary experiment 
which we carried out with rats which were fed a stock diet containing 2 
per cent sulfasuxidine for 6 weeks failed to reveal any significant difference 
between the blood ergothioneine levels of the control and experimental 
animals. A completely unequivocal approach to the problem was made 
possible by the availability of animals raised in a sterile environment at 
the Lobund Institute. For this work, we were able to utilize the blood 
from germ-free chickens. It has been shown (7) that fowl blood normally 
contains ergothioneine. Since the available methods for the analysis of 
ergothioneine are not completely satisfactory when applied to chicken 
blood (8), and since a procedure for the separation of small amounts of 
ergothioneine from blood constituents is of considerable value for other 
phases of work on ergothioneine, such a procedure was devised and used to 
identify ergothioneine in the present studies. 

This work was aided by a grant from the Nutrition Foundation, Inc. 
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EXPERIMENTAL 


The blood from 5 week-old chickens which had been raised under germ. 
free conditions at Lobund (9) was obtained by cardiac puncture approxi- 
mately 20 minutes after the chickens had been removed from their germ. 
free environment. Heparin was administered to the animals prior to the 
collection of the blood. Blood samples were obtained in a similar fashion 
from control chickens which had been raised on the same fortified broiler 
mash diet! but in non-sterile surroundings. Plasma was removed and the 
cells were frozen in dry ice and shipped by air express to New York. Two 
samples were analyzed for ergothioneine: the pooled cells from four control 
chickens, and the pooled cells from two germ-free chickens. 

Since the amount of ergothioneine in each of the blood samples to be 
analyzed was estimated to be on the order of 100 „, it seemed doubtful 
that the large scale methods described in the literature for the isolation of 
ergothioneine (10, 11) could be applied successfully to the present work. 
Preliminary experiments, in which pure ergothioneine, rat blood, and 
chicken blood were used, indicated that chromatographic procedures would 
most readily permit separation of ergothioneine from interfering substances 
with minimal loss of ergothioneine. The problem was made difficult by 
the lability of the compound; occasional large losses of ergothioneine were 
noted. Starch chromatography with 1:2:1 butanol-propanol-HCl] (4) 
worked reasonably well; however, complete separation from ninhydrin- 
positive material was not obtained by this technique. The procedure 
which was finally adopted consisted of a preliminary purification step with 
ion exchange resins, followed by chromatography on alumina with aqueous 
alcohol as the solvent. The ergothioneine was obtained in the effluent 
liquid, relatively free from ninhydrin-reacting material, in yields of 80 to 
90 per cent. The compound was identified by means of its characteristic 
color reaction with diazotized sulfanilic acid, and by its position in the 
effluent fractions. The peak ergothioneine concentration, under the condi- 
tions used, occurred at approximately the 40th ml. of column effluent, 
with variations of up to +5 ml. from this position in different runs. 

The preparation of protein-free blood filtrates and the preliminary treat- 
ment with ion exchange resins were carried out by procedures similar to 
those used in the quantitative determination of ergothioneine in blood (8). 
2 ml. of red cells were diluted to 10 ml. with water, 50 mg. of glutathione 
and then 50 mg. of sodium hydrosulfite were added with stirring, and the 
proteins were precipitated by the addition of 2 ml. of 35 per cent trichloro- 


Diet L-289 contained cracked corn 49.0, solvent-extracted soy bean oil meal 23.2, 
wheat middlings 9.3, casein 7.0, alfalfa leaf meal 2.8, fish meal 2.3, meat scraps 2.3, 
calcium carbonate 1.67, dibasic calcium phosphate 1.49, iodized salt 0.47, Viadex 
0.23, manganese sulfate 0.024, plus synthetic B vitamins. 
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with 10 ml. of water. The combined supernatant solutions were extracted 
five times with equal volumes of peroxide-free ether. The aqueous layer 
was filtered and then shaken for 7 minutes with a mixture of 3 gm. of the 
carbonate salt of IRA-410 (8) and 4 gm. of the acid form of IRC-50 (The 
Resinous Products Division, Rohm and Haas Company, Philadelphia). 
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Fic. 1. Distribution of ergothioneine in effluent fractions obtained by chroma- 
tography on alumina with 75 per cent ethanol, as determined by the color produced 
with diazotized sulfanilic acid and alkali. 


The resin was collected on a filter and washed with an equal volume of 
water. The combined filtrates were evaporated to dryness. 

A chromatographic column was prepared from 20 gm. of activated alu- 
mina (Alcoa, grade F-20, 80 to 200 mesh) in a tube with an inside diameter 
of 9 mm. The column was washed with approximately 20 ml. of 75 per 
cent aqueous ethanol (prepared from redistilled absolute ethanol). The 
dried residue from the resin-treated blood filtrate was dissolved in 2 ml. of 
the aqueous alcohol. The solution was placed on the column and washed 
through with 75 per cent aqueous alcohol at a constant flow rate between 
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4 and 8 ml. per hour. 1 ml. fractions were collected by means of an auto- 
matic drop counting device. 

Alternate fractions of the effluent were evaporated to dryness in a steam 
bath, and the remaining traces of alcohol were removed in vacuo. Each 
residue was dissolved in 3 ml. of water. Quantitative ergothioneine de- 
terminations were carried out on the aqueous solutions by the procedure 
previously described (8). The remaining alternate fractions were analyzed 
by the quantitative ninhydrin method of Moore and Stein (12). The re- 
sults of the ergothioneine determinations, when blood from the Lobund 
germ-free chickens was carried through the procedure, are plotted in Fig. 
1, together with the results obtained when pure ergothioneine was used. 
A 2 ml. sample of blood cells from the Lobund control chickens gave a 
similar curve, with the main fraction, at 43 ml., containing 7 Y of ergo- 
thioneine. Ninhydrin determinations were negative throughout the ergo- 

DISCUSSION 


Summation of the ergothioneine values for the chromatograph fractions 
resulting from the germ-free chicken blood gives 117 y of ergothioneine, 
corresponding to a level of 5.8 mg. per 100 ml. of red cells. Similarly, the 
value from the control chicken blood is 76 y of ergothioneine, or 3.8 mg. 
per 100 ml. of red cells. The original values are presumably higher than 
these by approximately 15 per cent because of the losses incurred in the 
experimental procedure. The difference in the values between the germ- 
free and control animal levels can probably be ascribed to normal variations 
in the levels of the individual chicken bloods in the pooled samples; larger 
individual variations than this are common in other species. In any event, 
it can be concluded from the data presented that the normal intestinal flora 
of the chicken contribute little or no ergothioneine to that found in the 
blood. The ergothioneine of the blood must therefore be derived either 
from the diet or from synthesis in the tissues, or both. 


We express our appreciation to Dr. James A. Reyniers and Dr. T. D. 
Luckey of the Lobund Institute, Notre Dame, Indiana, for supplying the 
blood samples used in this study. 


SUMMARY 


A method has been devised for the separation and identification of the 
ergothioneine in small amounts of blood. The method involves treatment 
of protein-free blood filtrates with ion exchange resins, followed by chrom- 
atography on alumina. With the aid of this technique it has been shown 
that ergothioneine is present in the blood of germ-free chickens raised since 
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birth in a sterile environment. It is concluded that the major portion of 
the ergothioneine present in the blood of chickens does not arise from 
synthesis by the intestinal bacteria. 
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THE IDENTIFICATION OF PEPTIDE END-GROUPS AS 
DIMETHYLAMINO ACIDS 


Br VERNON M. INGRAM* 


(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, September 23, 1952) 


Several methods are now available for the identification of the amino 
acid at the amino end of a peptide chain. Of these the 2,4-dinitrofluoro- 
benzene reaction (1) has perhaps been most frequently used, while pipsyl 
chloride (2) and phenyl isothiocyanate (3) have also been employed suc- 
cessfully. An alkaline pH is necessary for the initial marking step of all 
these methods, but in the procedure to be described the first reaction can 
be carried out on the acid side of neutrality. It seemed desirable to 
develop such a method for purposes of comparison and for use with sub- 
stances which are labile in alkaline solutions. 

Bowman and Stroud (4) and Bowman (5) have found that the reductive 
8 ion of an amino acid or peptide with formaldehyde gives an N , N- 
dimethyl derivative as the only product. The amino compound together 
with formaldehyde was submitted to hydrogenation in the presence of a 
palladium catalyst. Hydrolysis of methylated peptides gave the end amino 
acid as its dimethyl derivative which could be separated, on the macro 
scale, from unchanged amino acids by extraction with organic solvents. 
In a preliminary communication (6) the present author described experi- 
ments in which the hydrolysates of some methylated peptides had been ex- 
amined by paper chromatography. As dimethylamino acids do not react 
with ninhydrin, the end amino acid was identified by the absence or marked 
diminution of its ninhydrin spot. It has now been possible to obtain 
positive identification of these derivatives and to extend the scope of the 
method. 


Materials and Methods 


Preparation of Catalyst—A solution of 1 gm. of palladous chloride in 1 
ml. of 10 * HCl was diluted to 100 ml. with water. Following the addition 
of 5 gm. of hydrated sodium acetate and 5 gm. of activated charcoal 
(Norit), the suspension was stirred in an atmosphere of hydrogen at room 
temperature and pressure until the absorption of gas ceased. After fil- 


* This work was carried out during the tenure of an Alexander Brown Coxe Mem- 
orial Fellowship in Physiological Chemistry. 
Present address, Cavendish Laboratory, Cambridge, England. 


193 


= 
¢ 


194 | PEPTIDE END-GROUPS 
tration, washing with water, and drying in air, the catalyst was ready for 


use. 

Dimethyl- Di- isoleucineA mixture of 1 gm. (7.6 mm) of pDL-isoleucine, 
3 ml. (37 mm) of 37 per cent formaldehyde solution, and 0.5 gm. of the 
above catalyst in 50 ml. of aqueous methanol (1:1) was stirred vigorously 
in an atmosphere of hydrogen at room temperature and pressure. Ab- 
sorption ceased when the theoretical volume of gas had been taken up. 
The suspension was filtered, and the filtrate evaporated on the steam bath 
and reevaporated twice with water to remove formaldehyde polymers. 
After prolonged evacuation in a desiccator the residue crystallized readily 
from acetone, although with considerable losses. Hygroscopic platelets, 
0.1 gm., were obtained which melted at 135-136°. 


Calculated, N 8.8; found, 8.7 


Tetramethyl-L-ornithine Monohydrochloride—1 gm. (4.9 mm) of L-ornithine 
dihydrochloride in 50 ml. of water was converted to the monohydrochloride 
by the addition of 1 equivalent of NaOH, thus raising the pH to 4. After 
the addition of 4 ml. (49 mm) of 37 per cent aqueous formaldehyde and 0.5 
gm. of the catalyst, hydrogenation was carried out as described above until 
the theoretical amount had been absorbed. A sample, when tested with 
the ninhydrin reagent of Moore and Stein (7), showed that 99.5 per cent 
of the ornithine was now methylated. The catalyst was removed by 
filtration and the solution evaporated three times with water on the steam 
bath. The residue, dried in a vacuum desiccator, was extracted twice with 
5 ml. of boiling absolute ethanol. Strong cooling of the filtered extracts 
furnished 0.6 gm. of crystalline product contaminated with a little sodium 
chloride. The addition of an equal volume of acetone yielded on cooling 
0.15 gm. of very hygroscopic prisms, which melted at 221° with decom- 
position. 

Calculated, N 12.5; found, 12.0 


Monomethyl-I- proline, Tetramethyl-L-cystine, a-Dimethyl-.-histidine—A 
solution of 50 mg. of the amino acid or its hydrochloride in 4 ml. of water 
was hydrogenated in the presence of 0.1 ml. of 37 per cent formaldehyde 
solution and 10 mg. of the catalyst. In all three cases absorption of hy- 
drogen proceeded smoothly and stopped when the theoretical quantity 
had been taken up. The filtered solution was evaporated three times 
with water on the steam bath and the residue dissolved in a volume of 70 
per cent aqueous ethanol to give an approximately 0.1 m concentration. 
These preparations gave a negative ninhydrin reaction and only single 
spots when examined by paper chromatography in several solvents. The 
cystine derivative, previously prepared by Bowman and Stroud (4), is 


rat 
| 

seri 

con 

IN 
cat. 

of ¢ 

wit 
of t 

cen 
a ns 
tube 

Ali 

tubi 
moi 

live 

seve 

unti 
pref 
little 

few 

cont 
ing t 

Afte 

at | 
reevi 

ally 

| H 
6NI 

ina 

and 

were 

read 

tion 

gene 

chro 

the 1 

in th 

or ev 

| 


V. M. INGRAM 195 


for J frst obtained in the reduced state but is then oxidized during the evapo- 
rations. 
ne, The other dimethylamino acids used in this work were prepared as de- 
the § scribed by Bowman and Stroud (4). 
sly Methylation and Hydrolysis of Peptides—Insoluble peptides were first 
Ab converted into their hydrochlorides by treatment with a few drops of cold 
— IV HCI followed by repeated evaporation with water in a vacuum desic- 
cator. 
* A solution of 1 to 2 mg. of the peptide or its hydrochloride in 1 to 2 ml. 
lily § of aqueous methanol (1:1, or some other suitable proportion) was treated 
ets, | with 2 drops of 37 per cent formaldehyde solution and approximately 5 mg. 
of the palladium catalyst. As the reaction vessel, a graduated conical 
centrifuge tube was used which was closed with a rubber stopper carrying 
a narrow gas delivery tube reaching down to the tip and also a short outlet 
ine tube. The gas inlet could be moved up and down through the stopper. 
ride § Ali connections leading to the reaction vessel were made with plastic 
fter tubing. Before the hydrogenation commenced the catalyst was thoroughly 
0.5 — moistened with the solvent. With the apparatus assembled and the de- 
nti] § livery tube well above the liquid, the air was displaced with hydrogen for 
‘ith several minutes. Hydrogenation began as the inlet tube was lowered 
ent until it almost touched the bottom of the tube. A moderate stream of gas, 
by preferably saturated with water, formaldehyde, ande methanol, passed 
‘am through the suspension until a sample of the supernatant liquid showed 
vith § little or no color with the ninhydrin reagent of Moore and Stein (7). A 
acts | few hours usually sufficed for simple peptides, but in the case of sulfur- 
jum containing compounds methylation took considerably longer. Before open- 
ling ing the apparatus the inlet tube was raised and the gas supply shut off. 
om- § After centrifugation the supernatant liquid was evaporated in a test-tube 
at 100° with the aid of a gentle current of filtered air. Usually three 
reevaporations with water removed the formaldehyde, although occasion- 
ally more were required until the characteristic odor had disappeared. 
Hydrolysis was accomplished by sealing the residue with 0.5 ml. of 
6 N HCl in the same tube and heating it at 110° for 24 hours. Evaporation 
in a vacuum desiccator charged with soda lime left a mixture of methylated 
and unchanged amino acid hydrochlorides. The remaining traces of acid 
were removed by six reevaporations with water. The sample was now 
ready for chromatography and appropriate amounts were applied in solu- 
tion along the starting line or to the starting point of the paper. In 
general 0.2 to 1.0 um of dimethylamino acid should be used for single spot 
chromatograms, since the methods of detection are less sensitive than 
the ninhydrin reaction. Rather larger quantities were chromatographed 
in the experiments described below, but they were applied along 2 inches 
or even more of the starting line on the paper. 
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Dimethylamino acids are fairly stable to hydrolysis with hydrochloric 
acid, but small amounts of the free amino acids are formed. An estimate 
of the extent of demethylation was made for some of the compounds with 
Moore and Stein’s ninhydrin reagent (7); the results, which can be con- 
sidered to represent maximal figures for demethylation, are shown in 
Table I. 

Paper Chromatography—The ascending method of Williams and Kirby 
(8) was used throughout for the irrigation of the papers. Whatman No. | 
paper strips and squares were soaked in 20 per cent acetic acid and air. 
dried before use. This treatment removed some basic material present 
in the paper which otherwise formed a band across the chromatogram near 
R, 0.3. Since dimethylamino acids are detected through their basic prop- 
erties, such a basic band obscures some of them. 


| 
Demethylation of Dimethylamino Acids during Acid Hydrolysis 
Hydrolysis with 1 ml. of 6 * HCl at 110° for 24 hours. Free amino acids in the 
dry residue estimated with ninhydrin according to Moore and Stein (7). 


| 


Dimethylgly cine. 3.2 4 
Dimethyl-t-alanine. _ vsti 2.2 6 
Dimethyl-t-glutamic acid | 1.3 | 8 
Tetramethyl-t-lysine.. =  ....... | 1.7 8 
Dimethyl-I-tyros ne 1.2 16 


The most useful solvent system for one-dimensional chromatography 
is the n-butanol-acetic acid-water mixture of Partridge (9). Dimethyl- 
amino acids run well in this solvent as they do in all the usual systems, 
although in most cases they show higher Ay values than their parent com- 
pounds (see also Table II). The dimethyl! derivatives of phenylalanine, 
leucine, and isoleucine separate when run in tertiary amy! alcohol saturated 
with water in an atmosphere of triethylamine. 

For two-dimensional chromatograms n-butanol-pyridine-water in the 
proportions 5:2:3 followed by butanol-acetic acid forms a good system. 
Although the basic pyridine would ordinarily interfere with the detection 
of dimethylamino acids, it is removed first by evaporation and then by the 
second solvent. A mixture of phenol and water, 4:1, is particularly useful 
as the first solvent, since the methylated amino acids move very rapidly 
and are found near the solvent front away from most of the unmethylated 
components of the mixture. The second solvent, butanol-acetic acid, 
spreads them in a characteristic manner. The system of choice for com- 
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plex peptides has been phenol - water followed by butanol-acetic acid; simple 
mixtures could be separated satisfactorily with butanol-acetic acid in one 
dimension. 

Solvent is removed from the papers by exposure to a current of air at 
room temperature; even phenol can be evaporated almost completely in 
24hours. Heating the papers has to be avoided, since some dimethylamino 
acids such as the isoleucine derivative are appreciably volatile at ele- 
vated temperatures. Ninhydrin-positive compounds are first developed 


Tal II 
Ry Values of Some Dimethylamino Acids 


— — —ä—— — — 


lpyridine-watert Phenol-watert 

Dimethylglycine. ............. 0.27 0.15 0.86 
Dimethyl-L-alanine. 0.35 | 0.2 0.88 
071 O54 0.91 
06 0.51 0.90 
Dimethyl-L-txrosi ne 0.53 048 0.88 
Dimethyl-L-phenylalanine 0.69 0.57 0.88 
Dimethyl-L-glutamie ac 033 010 0.85 
0.16 0.00 | 0.86 
Tetramethyl-L-lysi ne 0.14 0.07 | 0.79 
0.14 0.17 0.70 
0.40 0.38 0.94 
Monomethyl-1.-proline 0.38 0.21 | 0.93 
ͤ 0. % 0.88 

* n-Butanol-acetic aeid - water in the proportions 25:6:25 as described by Par- 
tridge (9). 

t »-Butanol-pyridine-water, 5:2:3. 

z Mallinckrodt’s phenol, analytical reagent, liquefied with one-fourth of its 
weight of water. 


by spraying the paper with a 0.1 per cent solution of ninhydrin in n- 
butanol and then allowing the colors to reach their maximal intensity at 
room temperature. Their positions are marked since the spots fade during 
the next treatment. For the detection of methylated amino acids ad- 
vantage is taken of their buffering capacity. Of the two reagents which 
have been used the first is a 0.04 per cent solution of thymol blue in a mix- 
ture of n-butanol and ethanol, 1:1, which is made 0.01 N with respect to 
sulfuric acid. While the paper is still damp the dimethylamino acids 
appear as yellow spots on a red background. The second, and more 
sensitive, reagent consists of a 0.1 per cent solution of orcinol in the same 
butanol-ethanol solvent and this also is 0.01 & to sulfuric acid (10). After 
spraying with this solution the paper is dried and then heated at 110° 
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until examination in ultraviolet light shows an even brilliantly fluorescent 
background against which the methylated amino acids appear as well 
defined dark spots. Unmethylated amino acids will, of course, also be 
detected by this procedure, but they are easily distinguishable by their 
reaction with ninhydrin. 

EXPERIMENTAL 


A number of known peptides and peptide amides were submitted to the 
end-group identification procedure described above. Details of the quan. 


TanLx III 
Methylation of Known Peptides 
Duration of{ 
Quantity of peptide ar we Fig. No. 
meg. * hrs. 
1.28 9.7 2.5 1. 4 
(Glycyl) Glycine “““. 1.27 4.2 2.0 1,6 
Glycylglycyl-u-leucylglycine*............ 1.05 3.5 2.5 I, e 
Db-Leucylglycinenmgʒukn . 1.12 6.0 6.5 1, d 
Glyeyl-I-phenylalanine 1.14 5.1 6.0 2. 4 
t-Phenylalanyl-t-phenylalaninamide}....| 2.05 6.6 11.0 2,¢ 
t-Glutamyl-t-phenylalanine*............. 0.98 3.3 7.0 2,d 
L-Alanyl-L-tyrosinamide acetate.......... 1.25 4.0 3.0 3, a 
I- Prolyl-1-leu eine 2.0 8.8 10.0 3,6 
1.32 4.3 12.0 3, e 


* I am indebted to Dr. Joseph S. Fruton for the gift of this peptide. 

¢t Converted to the hydrochloride before methylation. 

t I am indebted to Dr. Milton Winitz for a gift of this peptide. 

§ Triethylamine was added before and during the hydrogenation to maintain the 
pH near 5. Methylation had almost ceased after 85 per cent of the starting ma- 
terial had been allowed to react. 


tities used are given in Table III and tracings of the chromatograms are 
reproduced in Figs. 1 to3. It can be seen that in each case the end amino 
acid is represented by a well defined spot in the position of the correspond- 
ing dimethyl derivative. Usually a trace of the unmethylated end amino 
acid is also present, which is probably due to incomplete methylation and 
to the demethylation which occurs during acid hydrolysis. However, this 
does not seem to interfere with the identification of the end-group. In 
the case of L-alanyl-L-tyrosinamide a certain amount of an unidentified 
ninhydrin positive compound is also found due perhaps to the interaction 
of formaldehyde with the phenol ring. 

Glycyl-L-phenylalaninamide Polymer—In a recent communication from 
this laboratory (11) it was shown that incubation of glycyl-t-phenylalanin- 


22 · 
Fi 
solve 
phen 
tamy 
nine, 
were 
some 
for 9 
clear 


BS SESERERES 


v. Mu. INGRAM 199 


amide with beef spleen cathepsin C yields an insoluble polypeptide contain- 
ing only glycine, phenylalanine, and ammonia. 2.0 mg. of this substance 


Fic. 1. Chromatograms of methylated and hydrolyzed peptides run with n- 
butanol-acetic acid (9). The open areas are ninhydrin-positive; shaded areas are 
spots developed with the orcinol-sulfuric acid reagent. (a) Glycylglycine, (6) 
(glycyl) glycine, (e) glycylglycyl-t-leucylglycine, (d) p-leucylglycine. DM-LEU = 
dimethylleucine, LEU = leucine, DM-GLY = dimethylglycine, GLY = glycine. 
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Fic. 2. Chromatograms of methylated and hydrolyzed peptides and developing 
solvent, and marking of areas as in Fig. 1. (a) Glycyl-u-phenylalanine, (b) glycyl-t- 
phenylalaninamide polymer, (e) I-phenylalanyl- I- phenylalaninamide, (d) a- l- glu - 
tumyl-L-phenylalanine. DM-PHE = dimethylphenylalanine, PHE = phenylala- 
nine, DM-GLU = dimethylglutamic acid, GLU = glutamic acid. 


were converted to the hydrochloride in the previously described manner; 
some of this dissolved in methanol-water (1:1) and, after methylation 
for 9 hours, only traces of insoluble material remained. One-half of the 
clear supernatant liquid was hydrolyzed and examined by paper chroma- 
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tography with the butanol-acetic acid solvent. The chromatogram, Fig. 
2, b, showed clearly that glycine is the only end amino acid in this poly. 
peptide. 

Bacitracin—Samples of 3 mg. of commercial bacitracin, kindly supplied 
by Dr. Lyman C. Craig, were submitted to methylation and hydrolysis, 
In three experiments methylation before hydrolysis was 79 to 90 per cent 
complete, yet in no case was it possible to demonstrate the presence of 3 
fully methylated amino acid. This finding suggests that there are no free 
a- amino groups in the molecule. A hydrolysate of methylated bacitracin, 
examined by two-dimensional chromatography with the excellent solvent 
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Fic. 3. Chromatograms of methylated and hydrolyzed peptides and developing 
solvent, and marking of areas as in Fig. 1. (a) I-Alanyl-L-tyrosinamide acetate, (ö 
L-prolyl-u-leucine, (e) glutathione. TTR = tyrosine, DM-ALA = dimethylala- 
nine, ALA = alanine, MPRO = monomethylproline, PRO = proline, CYS = cys 
tine, DM-GLU = dimethylglutamic acid, GLU = glutamic acid. 


system of Hausmann (12), contained most of the original amino acids un- 
changed and apparently in their original proportions. There was, however, 
a decrease of histidine and almost complete loss of ornithine. A new and 
very strong ninhydrin spot was noted in a position where 6-dimethyl- 
ornithine would be expected and this would be an indication that ornithine 
in the bacitracin molecule has a free 6-amino group while its a position is 
blocked. a-Dimethylornithine would not give a strong ninhydrin reaction 
under the conditions used. 

The experiments described in this communication indicate that reductive 
methylation of peptides is a useful tool in the elucidation of the structure of 
peptides. The method is certainly applicable to the various amino acid 
end-groups so far investigated and could probably be used for many others. 
Since it is possible to identify dimethylamino acids by paper chroms- 
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tography, only a few micromoles of the peptides need be used. In cases 
in which end-groups such as glycine or proline are involved methylation 
offers advantages over the 2, 4-dinitrophenyl method, since dimethylglycine 
and monomethylproline are very much more stable to acid hydrolysis 


than their dinitrophenyl analogues (I, 13). 


The author wishes to thank Dr. Joseph S. Fruton for his advice and 
help. The assistance of Miss Jeanne Dorais and Miss Mary J. Mycek is 


gratefully acknowledged. 
SUMMARY 


1. Tetramethyl-L-ornithine and dimethyl-pL-isoleucine have been pre- 
pared by reductive methylation. 
2. It has been shown that dimethylamino acids can be identified by 


paper chromatography. 

3. In an extension of the method of Bowman, reductive methylation of 
peptides, followed by hydrolysis, and paper chromatography have been 
employed to determine the amino end-group as the dimethylamino acid. 


Glycyl, alanyl, leucyl, phenylalanyl, glutamyl, and prolyl peptides have 
been examined by this method. 
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UTILIZATION OF PROLINE PEPTIDES BY A PROLINELESS 
MUTANT OF ESCHERICHIA COLI* 


By DAVID STONEf anp HENRY D. HOBERMAN{ 
(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, August 14, 1952) 


We have previously reported that fasting rats utilized the glycine moi- 
eties of glycinamide, glycylglycine, and glycylglycinamide only after hy- 
drolysis of the peptides (1). On the other hand Simmonds and Fruton, 
using a prolineless mutant of Escherichia coli (strain 679-183), demonstrated 
that several peptides of proline afford greater amounts of bacterial growth 
than do equivalent quantities of the constituent amino acids (2), thus 
indicating that this organism may utilize peptides in a unique manner. 
Further investigations of these results, reported herein, suggest that en- 
zymatic cleavage of all peptides tested was prerequisite to the utilization 
of the amino acid moieties in further metabolic reactions. 

EXPERIMENTAL 


Growth Studies—The procedures and growth medium used are similar to 
those described by Simmonds and Fruton (2). Anaerobic conditions were 
achieved by replacing the air in the Evelyn tubes with nitrogen gas. Cells 
were harvested aseptically by centrifugation of the Evelyn tubes. 

Deamination Studies Cells grown in a medium containing proline were 
harvested and washed with 0.85 per cent sodium chloride solution. The 
washed cells were suspended in distilled water, and 1 ml. aliquots were added 
to 15 ml. Erlenmeyer flasks containing the appropriate substrates and 1 
ml. of phosphate buffer.“ The final volume of the contents of the flasks is 
indicated in Tables I to V. Incubation of the flasks was carried out at 


*This work was aided by grants from the American Cancer Society (recom- 
mended by the Committee on Growth of the National Research Council), and from 
the Nutrition Foundation, Inc. Part of the material in this paper was taken from 
a thesis submitted by David Stone to the Department of Physiological Chemistry, 
Yale University, in 1950 in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

t Present address, Worcester Foundation for Experimental Biology, 222 Maple 
Avenue, Shrewsbury, Massachusetts. 

Present address, Albert Einstein College of Medicine, Yeshiva University, 270 
Park Avenue, New York. 

Phosphate buffer was made as follows: 4.5 gm. of K, HPO. and 1.5 gm. of KH. 
PO, were made up to 250 ml. with distilled water and the pH adjusted to 7.1 to 7.2 
with x NaOH. 
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30°. At the end of the incubation periods the contents of the flasks were 
transferred to centrifuge tubes, and after centrifugation 1 ml. aliquots of 
the clear supernatant solutions were analyzed for ammonia by a modifica- 
tion of the Conway method (3). When Nis analyses were required, the 
ammonia titrated in the 1 ml. aliquot was diluted with non-isotopic nitro- 
gen, as indicated in Table V. 


Results 
Factors Affecting Growth of Prolineless Mutant 


Effect of Structure of Peptides—Table I shows the maximal amounts of 
growth, measured as optical density, when the prolineless mutant is allowed 
to grow in the presence of L-proline (P), glycyl-L-proline (GP), glycylglycyl- 


TABLE I 
Comparison of Several Peptides of Proline 

Substrate, 0.25 um — —ö Length of lag period 

c ⁵ͤ 0.110 15 
0.128 15 
Glyeylglyeyl-L-proli ne | 0.170 18 
Glycyl-t-prolylglycine... ... 0.180 | 30 


Temperature of incubation 30°. Inoculum, 0.1 ml. of cell suspension of density . 


0.03 obtained from a 24 hour agar slant. Each Evelyn tube contained 10 ml. of 
minimal medium supplemented with 0.5 mg. of pi-threonine. 


I-proline (GGP), Lprolylglycine (PG), and glycyl-L-prolylglycine (GPG). 
The greater activity of GP as compared to P is similar to the data reported 
by the previous workers (2). PG, GGP, and GPG afford even greater 
yields of bacteria than does an equimolar quantity of GP. The data sug- 
gest a relationship between the final yield of bacteria and the lengths of 
the lag periods exhibited by the growing mutant. 

Effect of Temperature of Incubatton—The data in Fig. 1 show that the 
growth maxima, as obtained in mediums containing P or GP, are sensitive 
to alterations in the temperature of incubation. At 27°, a temperature 
which favors optimal growth, the difference in activities between P and GP 
is small, while at 24° and at 34°, at which temperatures the growth maxima 
are less, the differences in activities between P and GP are relatively great. 
Thus, the growth-promoting activity of P is more sensitive to changes in 
temperature than that of GP. The growth maxima obtained in mediums 
containing GPG are not a function of the temperature (Fig. 1). 
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Effect of Shaking during Incubation of Mutant—In cultures containing P 
or GP shaking inhibits the growth of the bacteria (Table II), an effect 
more pronounced in the cultures provided with free P. In contrast, the 
growth maxima obtained with GPG, PG, or GGP are not reduced in the 
shaken cultures. 
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Fic. 1. Relationship between the maximal density of growth of the prolineless 
mutant and the temperature of incubation when the cultures contain L-proline (P), 
glycyl-L-proline (GP), or glycyl-u-prolylglycine (GPG). 


Effect of Anaerobiosis during Incubation of Mutant—On the assumption 
that the inhibition of growth in shaken cultures containing P and GP was 
due to increased oxygenation of the culture medium, the effect of anaerobi- 
osis on growth was investigated. The results (Table III) clearly show that 
under anaerobic conditions the optimal yield of bacteria is independent of 
the nature of the substrate, for the yields in mediums containing P, GP, 
PG, and GPG are the same. This result must be ascribed to an increased 
growth in the mediums containing P and GP, rather than to a depression 


of growth in the cultures containing proline peptides, for the yields of 
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bacteria contained from cultures containing PG and GPG are the same 
under aerobic and anaerobic conditions. 
A proportional relationship exists between maximal growth and the 


amount of free P added to the mediums (Table II). Thus, at a time when 
Taste II 
Effect of Shaking during Incubation of Prolineless Mutant 
Maximal optical densi 
of growth Shaken density 
Stationary density 
Stationary Shaken 
uM per cent 
0.125 | 0.052 0.032 61.5 
0.250 0.103 0.064 62.1 
WA K 0. 500 0.210 0.110 52.4 
Glyecyl-L-pr oline. 0.125 | 0.063 | 0.048 76.2 
J/Jſ% 0.250 | 0.126 | 0.000 71.4 
Glycyl-u-prolylglycine............... 0.125 | 0.097 | 0.102 105.1 
J 0.250 | 0.174 0.194 111.5 


Temperature of incubation 30°. Inoculum, 0.1 ml. of cell suspension of density 
0.03 obtained from a 24 hour agar slant. 


TABLE III 
Effect of Anaerobiosis during Incubation of Prolineless Mutant 
Maximal optical density of growth 
Substrate, 0.25 um — 

Aerobic | Anaerobic 
Preis 0. 180 0. 180 
Glyeyl-L-prolylgly eine. 0. 180 0. 175 
Glyeylglycyl-L-proli neee 0. 170 0. 180 


Temperature of incubation 30°. Inoculum, 0.1 ml. of cell suspension of density 
0.03 obtained from a 24 hour agar slant. Anaerobiosis was accomplished by re- 
placing the air in the Evelyn tubes with nitrogen. 


growth has ceased in cultures supplied with free P it might be anticipated 
that growth activity is still present in cultures supplied with equimolar 
amounts of peptidic P. To determine whether this activity is present in 
the mediums or in the cells, bacteria were harvested from cultures supplied 
with P or GPG. To the bacteria were added sterile proline-free mediums, 
and the incubation continued. The optically clear supernatant solutions 
were decanted, under sterile conditions, into sterile Evelyn tubes and the 
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incubations continued to measure residual activity. The results (Fig. 2) 
show that as growth proceeds the amount of growth activity remaining in 
the mediums decreases. The harvested cells continue to grow when sus- 
pended in the proline-free basal mediums, although the increments in 
growth diminish as the growth maxima are approached. It is apparent 
that tl growth of the harvested cells in proline-free mediums is not due 
entirely to the presence of traces of the complete medium remaining after 
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Fic. 2. Comparison of the growth activity remaining in the supernatant solu- 
tions and the harvested cells after centrifugation of cultures of the prolineless mu- 
tant at different levels of growth. The curve on the left side of the figure is a repre- 
sentative growth curve resulting from 0.4 uu of L-proline (P). The curve on the 
right side of the figure is a representative growth curve resulting from 0.4 us of 
glycyl-L-prolylglycine (GPG). The solid lines show the growth supported by the 
optically clear supernatant solutions, and the broken lines show the increments in 
density of the harvested cells after resuspension in proline-free growth medium. 


centrifugation and decantation of the supernatant solution, for at Lev- 
els C and D greater yields of bacteria are obtained by growing har- 
vested cells in the proline-free medium than result from the incubation of 
the corresponding supernatant solution. At the end of each experiment 
supernatant solutions and harvested cells were examined for possible 
bacterial contamination or loss of the meee requirement. The results 
of these tests were negative. 

The data clearly demonstrate that, in cultures containing GPG, the 
supernatant liquid and the resuspended cells obtained at Level D are both 


capable of supporting significant growth, whereas the supernatant solutions 
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and cells obtained from cultures supplied with free P produce no further 
growth. 

Gale and Taylor (4) have demonstrated that several gram-positive micro- 
organisms concentrate specific amino acids in the internal environment of 
the cell. That the prolineless mutant of E. coli harvested from a medium 
containing P, or peptides of P, continues to give significant growth in a 
medium containing all the essential elements for growth except P suggests 


Taste IV 


Comparison of Amounts of Ammonia Produced from L. Proline and Glycyl-u-proling 
by Non-Growing Prolineless Mutant 


Total au NH flask Total u NH ask 
P 4.4 4.0 
GP | 5.5 5.1 
None 0.4 | 


Each flask contained washed cells equivalent to 0.35 mg. of total cell nitrogen in 
a volume of 3.0 ml. Period of incubation 23 hours at 30°. 


V 
Comparison of Amounts of Ammonia Produced from l. Proline and Proline Moiety of 
Glycyl-L-proline by Non-Growing Prolineless Mutant 


Substrate, 10.0 | NHs produced per ml. NH» produced per 'Atom per cent excess 


— — 


ted 0 
p | 1.210 | 0.777 
G*P 1.567 1.134 0.509 
GPG 0.983 0.550 
None 0.433 


Each flask contained washed cells equivalent to 0.30 mg. of total cell nitrogen 
in a volume of 3.0 ml. Period of incubation 20 hours at 30°. 

»The Nis concentration, after the addition of 0.5 mg. of non-isotopic nitrogen, 
of the ammonia titrated in the 1 ml. aliquot. 


that this gram-negative microorganism may also possess the ability to 
concentrate P (or peptides of P) inside the cell. 
Deamination of Amino Acids by Non-Growtng Prolineless Mutant 

Differences in growth maxima between cultures grown on P and on 
proline peptides might be related to differences in the rates of destruction 
of free P and peptidic P. Table IV shows that the non-growing cells are 
indeed capable of causing the deamination of free P to the extent of ap 
proximately 33 per cent in the 23 hour incubation period. In comparison 
to the 4.0 um of ammonia produced from the free P, 5.1 um of ammonia are 
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formed when the dipeptide GP is used. Since, in the case of GP, both 
amino acid moieties of the peptide might be available for degradation by 
the bacterial cells, the amount of ammonia which arises from each of the 
moieties of the dipeptide was estimated. This was accomplished by mea- 
suring the fraction of isotopic ammonia to total ammonia produced by a 
suspension of bacteria acting upon glycylproline (GP) containing 32.3 
atom per cent excess NI. It may be calculated from the data shown in 
Table V that 1.72 ust of ammonia containing 32.2 atom per cent excess Nis 
are produced from the G*P. Since the total ammonia titrated is 3.40 um, 
then 1.68 um of ammonia must have originated from the P moiety of the 
dipeptide. This is in comparison to 2.33 um of ammonia yielded by the 
free P. The data also show that when the tripeptide, GPG, is used as 
substrate the total amount of ammonia produced is less than that formed 
from the dipeptide or the free P. 


DISCUSSION 


The results of the present study confirm those of Simmonds and Fruton 
(2) in clearly demonstrating that the growth maxima attained by cultures 
of a prolineless mutant of E. coli are significantly greater when the bacteria 

are grown in mediums containing P peptides than those containing equiva- 
lent quantities of free P. Regardless of the nature of the mechanisms 
which might be involved in the utilization of P, free or bound, in the 
synthesis of bacterial proteins, the data reported in this paper support the 
view that the ultimate yields of bacteria are proportional to the amounts 
of P which escape degradation by the action of a “proline oxidase” similar 
to that found in E. coli ATCC 6522 (6). Indeed, evidence has been 
presented that under conditions of strict anaerobiosis the yields of bacteria 
are the same on mediums containing free and peptidic P. The present 
studies also show that the non-growing prolineless mutant deaminates free 

P more rapidly than peptidic P, and, moreover, that the P moiety of the 
tripeptide, GPG, is deaminated at a slower rate than that of GP. It may 
be assumed that the free amino acid is the substrate in this deamination, 
since peptides appear to be resistant to the attack of bacterial deaminases 
(7). Thus the rate of deamination of a given peptide would seem to be 
proportional to the rate of hydrolysis of the peptide. Direct evidence of 
the hydrolysis of proline peptides by a dried preparation of the prolineless 
mutant has been obtained.“ The above considerations therefore indicate 
that the larger yields of bacteria afforded by mediums containing proline 
peptides are due to the protection of P from bacterial deaminases. Sim- 


*N'*.Glycyl-t-proline was synthesized from glycine containing 32.2 atom per 
cent excess NI, according to the method of Bergmann et al. (5). 
* Data obtained in this laboratory (D. Stone, to be published). 
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monds, Tatum, and Fruton (8) have shown with the phenylalaninelem 
mutant of E. colt (No. 58-278) that at maximal growth of this mutant 
approximately all of the phenylalanine originally present in the growth 
medium could be accounted for in the bacterial proteins; that is, there is no 
apparent degradation of the essential amino acid by the growing phenyl. 
alanineless mutant. As might be expected, these investigators have dem- 
onstrated that equimolar quantities of the free amino acid and its peptides 
are, in fact, equally active towards the mutant. 

Evidence that the growing prolineless mutant degrades P is provided by 
the observation that the maximal yields of bacteria afforded by given 
concentrations of free proline may be varied by altering the temperature of 
incubation. That this is not due to destruction of components in the 
medium other than P is indicated by the fact that the addition of P, at 
any temperature, results in the resumption of growth. The effects of 
temperature on the ultimate yields of bacteria would therefore seem to be 
related to changes in the rate of destruction of P. The fact that the 
maximal growth attained by bacteria supplied with GPG or PG is insensi- 
tive to changes in the temperature of incubation would suggest that, when 
provided in these forms, proline completely escapes destruction. Further- 
more, while it has been shown that increased oxygenation of the medium 
inhibits the growth of bacteria supplied with P and GP, aerobiosis is 
without detectable effect on the yields of bacteria obtained from cultures 
containing GPG or PG. With free P and GP, anaerobic conditions are 
more favorable to growth than is an aerobic environment. 

The short lag period resulting from the use of P would suggest that it is 
this form which the bacteria utilize most rapidly for the synthesis of 
bacterial proteins. The prolongation of the lag period observed when PG, 
GGP, or GPG is supplied is consistent with the view that the rate of 
cleavage of the peptide by bacterial peptidases determines the duration of 
the lag period. The observed differences in lag would thus represent the 
different times required for the accumulation of sufficient amounts of the 
essential requirement to initiate bacterial multiplication. The duration of 
the lag period is proportional to the ultimate yield, suggesting that the 
extent of escape of P from attack by bacterial deaminases is inversely 
related to the rate of hydrolysis of the peptide used as substrate. Since 
the lag periods are the same for cultures provided with P or GP, it may 
be assumed that the rate of hydrolysis of GP is rapid. The relatively 
small difference between growth maxima exhibited by cultures supplied 
with P or GP is consistent with the foregoing assumptions. 

If hydrolysis of proline peptides is obligatory to the utilization of proline 
in synthetic and degradative mechanisms, in what manner does “sparing” 
of peptidic proline result? In view of the fact that the hydrolysis o 
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proline peptides and the deamination of P are catalyzed by the non-grow- 
ing mutant, it is reasonable to assume that during growth there is also a 
continuous hydrolysis of proline peptides and a continuous destruction of 
free P, the rates of which are proportional to the concentrations of the 
substrates and to the total.number of bacteria. It may also be assumed 
that each bacterium contains the same amount of P in its constituent 
proteins; thus the utilization of the essential requirement in the synthesis 
of bacterial proteins is a “batch” or zero order process and the number 
of “batches” utilized per unit time is proportional to the rate of bacterial 
growth. In this connection it should be pointed out that the rates of 
bacterial multiplication during the logarithmic phase of growth are iden- 
tical in mediums containing free or peptidic P. This may be interpreted 
as evidence that the size of each batch“ is independent of the nature of 
the substrate. By making use of the foregoing assumptions, and by im- 
posing the condition that the specific rate of peptide hydrolysis is slower 
than the specific rate of deamination of free P, appropriate mathematical 
analysis indicates that, in the case of bacteria supplied with the free amino 
acid, bacterial growth will cease, due to exhaustion of substrate, at a time 
when cultures containing the essential amino acid in the form of a peptide 
will support further growth; the differences in growth in the two cases 
become larger as the hydrolytic rate constant is made smaller. 

Such conclusions are in accord with the investigations of Dunn and 
McClure (9). Their data on the growth of Lactobacillus casei in partial 
hydrolysates of casein are interpreted as being due to an enhanced activity 
of arginine and cystine peptides as compared to the free arginine and 
cystine. Gale (10) has suggested that the enhanced activity of arginine 
peptides, as compared with free arginine for certain streptococci, is due to 
the enzymatic degradation of the free amino acid by arginine dihydrolase. 
That the general significance of the present findings is not limited to a 
comparison of the activities of free and peptide-bound amino acids is 
indicated from the work of Bonner (11). Using a tryptophanless mutant 
of Neurospora crassa which is capable of growth in the presence of the 
precursor, indole, this worker has demonstrated that indole affords greater 
amounts of growth of the mutant than do equimolar amounts of tryptophan 
itself. The similarity of this observation to the results obtained with the 
prolineless mutant is striking, since in both cases the free, essential amino 
acids are more sensitive to degradation reactions than are their precursors. 


The authors wish to express their appreciation to Dr. S. Simmonds and 
Professor J. S. Fruton, not only for supplying the mutant strain and the 
non - isotopie compounds used in this investigation, but particularly for 
their valuable advice and criticism. 
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With a prolineless mutant of Escherichia coli the effects of tem 
aerobiosis, and anaerobiosis were studied in relation to the maximal bac. 
terial growth obtained in mediums containing proline and proline peptides, 
In agreement with previous investigators it was observed that under aerobic 
conditions bacterial yields are greater in mediums containing proline pep 
tides than in those containing an equivalent amount of free proline. How. 
ever, the dependence of maximal growth on the nature of the proline 
containing substrate was observed to disappear when the bacteria were 
grown anaerobically. Since a dry preparation of bacteria was found to 
degrade free proline under aerobic conditions, it has been concluded that 
the greater amounts of bacterial growth afforded by mediums containing 
peptidic as compared with free proline are due to a “sparing” of peptidie 
proline from degradation by bacterial enzymes. 
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AN ELEVATED XANTHINE OXIDASE IN LIVERS OF 
VITAMIN E-DEFICIENT RABBITS* 


Br JAMES 8. DINNING 
(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock, Arkansas, and the Department of Biochemistry and Nutrition, Graduate 
School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania) 


(Received for publication, November 21, 1952) 

Evidence indicating a relationship between vitamin E and nucleic acid 
metabolism has been presented in earlier reports (1, 2). It was found that 
vitamin E-deficient monkeys and rabbits excreted increased amounts of 
allantoin. This observation prompted a study of the influence of vitamin 
E deficiency on the xanthine oxidase activity of rabbit liver homogenates. 
It has been found that, whereas normal rabbits have negligible liver xan- 
thine oxidase, liver homogenates from vitamin E-deficient rabbits exhibit 
very high activities. 

EXPERIMENTAL 


White New Zealand rabbits weighing approximately 600 gm. were placed 
on the purified vitamin E-deficient diet previously described (2). Controls 
were given this diet plus oral doses of 4 mg. of a-tocopherol acetate on 
alternate days. Other controls were fed commercial rabbit chow. The 
animals receiving the deficient diet were sacrificed when they exhibited 
signs of muscular dystrophy, creatinuria, and elevated allantoin excretion. 
The controls were killed after a similar feeding period. Xanthine oxidase 
and uricase were determined on liver homogenates by the method of Axel- 
rod and Elvehjem (3). The results are expressed as units which are micro- 
liters of oxygen consumed in the oxidation of xanthine or urate per hour 
per gm. of wet weight of tissue. 


RESULTS AND DISCUSSION 


The data presented in Table I show that liver homogenates from normal 
rabbits are essentially devoid of the xanthine oxidase activity. This is in 
agreement with other reports (4, 5). In contrast, liver homogenates from 
vitamin E-deficient rabbits contained high levels of xanthine oxidase. Ta- 
ble II presents data on the effects of a-tocopherol phosphate and methylene 

* Supported in part by a grant-in-aid from the Nutrition Foundation, New York. 
A preliminary report of this work was made at the meeting of the American Insti- 
tute of Nutrition at New York, April 14-18, 1952 (Federation Proc., 11, 440 (1952)). 
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blue on the xanthine oxidase activity of livers from vitamin E-deficient 
rabbits. Tocopherol phosphate, in the concentrations employed, was with. 


I 
Xanthine Oridase Activity of Liver Homogenates from Control and Vitamin E-Deficiens 
Rabbits 


Units“ of xanthine oxidase 

Diet No. of animals al 
Average Range 
Purified minus vitamin E............. 12 131 42-242 
„% plus vitamin E.............. 9 10 0 42 


* Microliters of oxygen consumed per hour per gm. of wet weight of tissue. 


II 
Effects of a- Tocopherol Phosphate and Methylene Blue in Vitro on Xanthine Oridas 
Activity of Liver Homogenates from Vitamin E-Deficient Rabbits 


Experiment No. Methylene blue Xanthine oxidase 
mg. wnils 
1 0 0 112 
1 0.1 0 84 
1 1.0 0 136 
2 0 0 73 
2 1.0 0 62 
3 0 0 118 
3 0 0.01 204 
Taste III 
Uricase and Xanthine Oxidase Activity of Liver Homogenates from Control and Vitamis 
E-Deficient Rabbits 
Rabbits Xanthine oxidase Uricase 
emits 
cc 9 620 
Vitamin E-deficient.................. 110 475 


out effect. Methylene blue increased the apparent xanthine oxidase ac- 
tivity, presumably by increasing hydrogen transport (5). The result 
presented in Table III show that uricase was not limiting in the xanthine 
oxidase assays. 

It is difficult to interpret the elevated activity of liver xanthine oxidase 
in vitamin E deficiency. The addition of normal liver homogenates to 
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liver homogenates from vitamin E-deficient rabbits did not reduce the 
activity. This would suggest, although not prove, that the increased en- 
zyme activity in the deficient liver is not due to the loss of an inhibitor. 
It was also noted in a limited number of observations that the elevation in 
xanthine oxidase occurred late in the deficiency syndrome. These obser- 
vations plus the observed lack of effect of a-tocopherol phosphate in vitro 
would suggest that the elevated xanthine oxidase activity in the livers of 
vitamin E-deficient rabbits is secondary to a more primary aberration in 
nucleic acid metabolism. 

The possibility also exists that vitamin E acts in a more direct manner 
on xanthine oxidase. Tocopherol may regulate the synthesis of the apo- 
enzyme or be related in some way to the prosthetic group. 


Liver homogenates from vitamin E-deficient rabbits exhibited very high 
xanthine oxidase activities. Control rabbit tissues were essentially devoid 
of this enzyme. 
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MECHANISM OF ENZYMATIC HYDROLYSIS OF 
ADENOSINETRIPHOSPHATE* 


Br LEON A. HEPPEL anp R. J. HILMOE 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 1, 1952) 


Enzymatic hydrolysis of adenosinetriphosphate (ATP) usually results 
in the liberation of inorganic orthophosphate (ortho P), yielding adeno- 
snediphosphate (ADP) (1). However, the formation of inorganic pyro- 
phosphate (PP) from ATP by snake venom and extracts of bone was noted 
in a preliminary report by Hitchings and Fuller (2) and confirmed for 
venom by Zeller (3). 

Mann has reported that bull seminal plasma catalyzes the liberation of 
ortho P from ATP (4). In the present investigation the mechanism of 
ATP splitting by bull seminal plasma has been studied. Unpurified sem- 
inal plasma was observed to form substantial amounts of both PP and 
ortho P from ATP. It was possible to demonstrate three ATPases, which 
were distinguished and separated by fractionation procedures. Two of 
them form ortho P from ATP, and, from their respective pH optima, these 
are referred to as the “acid ATPase” and the “alkaline ATPase.” The 
third enzyme splits PP from ATP and is designated as the “PP-forming 
ATPase.” Experiments were also reported which show the liberation of 
PP from ATP by extracts of rat kidney. 


Methods 


Materials—ATP, ADP, adenosine-5’-phosphate (A-5’-P), and sodium 
sighoephate were obtained from the Sigma Chesaical Company, sodium 
Sglycerophosphate from the Eastman Kodak Company, eytidylie and 
yeast adenylic acids from the Nutritional Biochemicals Corporation, and 
protamine sulfate from Eli Lilly and Company. ATP was purified by 
Dowex 1 column chromatography essentially as described by Cohn and 
Carter (5). 

ATP containing P® exclusively in the two terminal groups (6) was 
kindly furnished by Dr. Arthur Kornberg, and inosine triphosphate by 
Dr. N. O. Kaplan. 

Raw bull semen was obtained through the kindness of a number of in- 
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dividuals in charge of artificial insemination programs.' Lyophilized snake 
venom was purchased from Ross Allen’s Reptile Institute, Silver Springs 
Florida. 

Delerminations—Ortho P was determined according to Lowry and Lope: 
(7) or Fiske and Subbarow (8) and protein by a microcolorimetric proce. 
dure (9). PP was measured enzymatically with yeast inorganic pyro. 
phosphatase (10) or the manganous salt was precipitated and ana. 
lyzed for labile P (11). Radioactivity was determined in solution in 
a nickel-plated dish with a mica end window Geiger-Miiller counter; the 
background was 20 to 30 c.p.m. 

Assay for AT Pase Activity in Seminal Plasma Fractions—The incubation 
mixture (1.3 ml.) contained 0.1 ml. of m acetate buffer, pH 6.0, or m gly. 
cine buffer, pH 8.4, 0.1 ml. of 0.1 1 MgCl, 0.04 ml. of 0.02 M ATP, and an 
amount of enzyme sufficient to release approximately 0.15 um (micromole) 
of ortho P in 15 minutes at 37°. The reaction was stopped after 15 min- 
utes by addition of 0.14 ml. of 3 M trichloroacetic acid. Precipitated pro 
tein was removed by centrifugation and the supernatant solution analyzed 
for ortho P. Control incubations without enzyme were carried out rou- 
tinely, and with unfractionated seminal plasma incubations without sub- 
strate were also performed. A unit of enzyme activity was defined as 
the amount liberating 1 ym of ortho P per hour and specific activity a 
units per mg. of protein. 

Assay for Rate of PP Formation—The assay for PP liberated from ATP 
depended on the hydrolysis of PP to ortho P with purified yeast inorganic 
pyrophosphatase (10) which was free of activity against ATP, ADP, and 
A-5 -P. Crude bull seminal plasma contained inorganic pyrophosphs 
tase, but this was inhibited to the extent of 95 per cent in the presence d 
7.7 X 10-* um MgCl. The residual activity (1 unit per ml.) was not a sig- 
nificant source of error. Purified fractions were entirely free of this e- 
zyme. The assay procedure was as follows: The incubation mixture (13 
ml.) contained 0.1 ml. of M glycine buffer, pH 8.5, 0.1 ml. of 0.1 1 MgC, 
0.04 ml. of 0.02 M1 ATP, and enzyme. A second tube contained, in addi- 
tion, an amount of purified yeast inorganic pyrophosphatase calculated to 
supply a 20-fold excess of PP-splitting activity. (The yeast enzyme is 
not inhibited by magnesium.) The difference in the amount of ortho P 
formed after 30 minutes at 37° in the two tubes was a measure of PP forms 
tion. With each set of assays a control pair of tubes was run, containing 

1 We are especially indebted to the following persons for repeated shipments of 
bull semen: Mr. David Yoder, Manager, Southeastern Pennsylvania Artificial Breed- 
ing Cooperative, Landisville, Pennsylvania; Dr. E. J. Weatherby, Maryland Arti- 
ficial Breeding Cooperative, Inc., College Park, Maryland; Mr. Wm. F. Schaefer, 
Jr., Manager, Northeastern Pennsylvania Artificial Breeding Cooperative, Tunkhas- 
nock, Pennsylvania. 
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no enzyme, and here only negligible amounts of PP were found. A unit 
of activity corresponded to the liberation of 1 um of PP per hour. 
Results 
PP-Forming ATPase 
The PP-forming ATPase catalyzed the following reaction. 
ATP + H,O — PP + A (1) 


Like all of our other ATPase fractions from bull seminal plasma, it con- 
tained an excess of 5-nucleotidase which removed A-5’-P. 


A-5'-P + H,O — ortho P + adenosine (2) 
Purification—The procedure involved protamine precipitation, ammo- 
nium sulfate and ethanol fractionation, selective heat denaturation, and 


Taste I 
Purification of PP-Forming ATPase 

a Step | Volume Total units | Specific activity 

mil. per mg. protein 
Seminal plasma 105 2920 0.5 
Ammonium sulfate................ 25 255 2.1 
D 35 90 8 
. | 36 45 17 
adsorption of impurities on aluminum hydroxide gel Cy. 150 ml. of sem- 


inal plasma which had been stored at —10° since receipt were mixed with 
750 mg. of protamine sulfate and 350 ml. of cold distilled water. A pre- 
tipitate was removed by centrifugation, the supernatant solution was 
brought to pH 6.7, and its volume was adjusted to 490 ml. From this 
point on the procedure was exactly the same as for the purification of 5- 
nucleotidase ((12), starting with Ammonium sulfate fractionations“), ex- 
cept that in the alcohol step different fractions were selected, the basis 
being PP-forming activity. The results of purification are shown in 
Table I and the proportionality between enzyme concentration and rate 
a PP formation in Fig. 1. The highest point in Fig. 1 represents a 25 
per cent conversion of ATP to PP, and in other experiments proportion- 
ality was maintained up to 70 per cent conversion. 

Evidence for Stoichiometric Formation of PP from ATP—With the puri- 
ied enzyme preparation approximately 1 mole of ortho P was formed per 
mole of ATP (Fig. 2). This was derived from A-5’-P by the large excess 
of 5-nucleotidase present in these preparations. The remaining phos- 
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phorus was released as ortho P on addition of the highly specific purified 
yeast inorganic pyrophosphatase. In three separate experiments the yields 
of enzymatically determined PP per micromole of ATP were 0.92, 0.98, 
and 0.85. The formation of PP was confirmed by isolation of the map. 
ganous salt. The reaction mixture after incubation was adjusted to pH 
4.1, concentrated in vacuo to a small volume, and treated with manganous 
chloride and acetone (11). The precipitate was analyzed for labile P and 
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Fic. 1. Proportionality between rate of PP formation from ATP and concentn. 
tion of purified bull semen ATPase. The conditions for assay and analysis were u 
described under Methods.“ The enzyme preparation had 50 y of protein per ml. 

Fic. 2. Release of ortho P from ATP in the presence of the purified PP-forming 
ATPase preparation, which also contained 5-nucleotidase. The incubation mixtur 
contained 7.7 X 10 m MgCl, 6.2 X 10-4 m ATP, 0.1 Mu glycine buffer, pH 8.5, ands 
preparation of PP-forming ATPase whose specific activity was 17 units per mg. d 
protein and which contained 0.4 mg. of protein per ml. O, 0.08 ml. of enzyme per 
ml. of incubation mixture; , 0.16 ml. of enzyme per ml. of incubation mixture. Th 
arrow shows the time of addition of 100 units of purified yeast inorganic pyrophosphs- 
tase per ml. of incubation mixture, after which the pH was adjusted to 7. The dau 
indicate a nearly stoichiometric conversion of 1 wm of ATP to 1 um of PP and I 
of ortho P (the latter arising from A-5’-P by 5-nucleotidase activity). 


checked for absence of absorption at 260 mp. From 4.5 uu of ATP 34 
um of PP were obtained. Recovery of PP added to the unincubated res 
tion mixture was 85 to 90 per cent. 

A stoichiometric relationship is further indicated by the experiment: 
used in the preparation of Fig. 1. It can be calculated from the graph 
that the enzyme solution formed 0.8 um of PP per hour per ml. from AT? 
(see Fig. I), and an equal amount of A-5’-P would also result. Sine 
5-nucleotidase was present in large excess, the rate of ortho P formato 
should also have been 0.8 um per hour per ml. (see Equations 1 and? 
It was found to be 0.84 um per hour per ml. of enzyme solution. 
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Properties of PP-Forming ATPase—The pH optimum was 8.4 to 9.0 
(Fig. 3, Curve C). Concentrations of CaCl, or MgCl, up to 0.01 M neither 
stimulated nor inhibited the enzyme. Activity in the presence of 7.7 * 
10 m_ tris(hydroxymethyl)aminomethane buffer was 50 per cent greater 
than with equal concentrations of glycine or glycylglycine buffers. In- 
cubation for 30 minutes at 60° (pH 6.0 to 6.8) caused no perceptible inac- 
tivation. 

ADP was hydrolyzed to give ortho P, probably by the same enzyme, 
for there was no summation of rates. Thus, with 3 Xx 10~“ M ADP the 
rate of ortho P liberation was 6.2 units per ml. of purified enzyme solu- 
tion, with 7.6 K IO mw ATP it was 6.4, and with the mixed substrates it 
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Fid. 3. Effect of pH on (Curve A) the purified acid ATPase, (Curve B) the purified 
alkaline ATPase, and (Curve C) the purified PP-forming ATPase, all from bull 
seminal plasma. The rate of formation of ortho P from ATP was measured for 
Curves A and B, and PP for Curve C. Experimental conditions as described under 
Methods“ except for variations in the nature of the buffer, which are designated 
as follows: A, acetate; A, succinate; @, glycine; U, Veronal; , glycylglycine. 


was 6.3. The Michaelis-Menten dissociation constants (13) for both ATP 
and ADP were below 10 “.. PP was not split. 


Acid AT Pase 
This enzyme catalyzed the following reactions. 
ATP + H,O — ADP + ortho P (3) 
ADP + H;0 — A-5’-P + ortho P (4) 


Since 5-nucleotidase was present in all of the ATPase preparations, the 
over-all reaction was the complete splitting of ortho P from ATP. 
Purification—The enzyme was purified from seminal plasma aged for 6 
months at 2°, which resulted in the destruction of the PP-forming ATPase. 
The procedure for purification of 5-nucleotidase (12) was also applicable 
here with three modifications. (1) Ammonium sulfate fractionation was at 
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pH 6 and a fraction precipitating between 0.45 and 0.65 saturation was 
collected. On refractionation, the activity was found to precipitate be 
tween 0.5 and 0.65 saturation. (2) In the ethanol step fractions were 
selected for their acid ATPase activity. (3) The heating step was omit- 
ted. The final preparation had a specific activity of 58 units per mg 
Seminal plasma itself could not be accurately assayed because of the pres. 
ence of other ATPase activity. A specific activity of 1.6 was estimated 
on the assumption that the decrease in total ATPase of plasma after heat- 
ing at 60° for 20 minutes, measured at pH 6, represented acid ATPase. 

Properties of Acid ATPase The purified enzyme had a pH optimum at 
5.7 to 6.0 (Fig. 3, Curve A) and its activity was decreased by 90 per ceat 
on removing magnesium from the incubation mixture. With 7.7 X 10 
m MnCl, the rate of reaction was 75 per cent of that with 7.7 X IC 
MgCl. CaCl, was inhibitory. The enzyme was completely destroyed by 
heating at 60° for 20 minutes, at pH 6.0 to 6.8. The Michaelis-Menten 
dissociation constant (13) for ATP splitting was 1 X 10~. 

No significant amount of PP was formed from ATP by the purified acid 
ATPase (less than 2 per cent of the rate of ortho P liberation). ADP was 
completely split, but at only 10 per cent of the initial rate found with 
ATP. Heating at 60° removes phosphatase activity for many com- 
pounds, which is present in seminal plasma. This treatment was helpful 
in purifying the other two ATPases, but could not be used for the heat- 
labile acid ATPase. However, it was found that, in the course of frac- 
tionation, activity against PP, B- glycerophosphate, cytidylic acid, and 
yeast adenylic acid had been removed. 

Partial Separation of Alkaline ATPase 

Bull seminal plasma heated for 20 minutes at 60° to destroy the acid 
ATPase formed 0.3 to 0.5 um of PP per 1 us of ortho P released from ATP, 
measured at pH 8.5. If the PP-forming enzyme were the only ATPase 
remaining in heated plasma, the ratio would have been 1 um of PP per! 
um of ortho P (according to Equations 1 and 2). PP splitting was negligi- 
ble under the conditions of assay. The heated plasma was then fraction- 
ated with ammonium sulfate. It was mixed with 3 volumes of 0.05 u 
acetate buffer, pH 6, and sufficient ammonium sulfate was added to gives 
saturation of 0.45 (at 2°). The precipitate was dissolved in acetate buffer 
and refractionated with ammonium sulfate. Material precipitating at 
0.35 saturation was rejected and the next fraction, obtained by increasing 
the saturation to 0.45, was saved. This preparation formed only 0.09 sm 
of PP per 1 um of ortho P liberated. The bulk of the ATP-splitting ac 
tivity was therefore due to another phosphatase, here termed the “alkaline 
ATPase.” It had the following properties. The pH optimum was 8.4 to 
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8.8 (Fig. 3, Curve B), and heating at 60° for 1 hour at pH 6.0 to 6.8 did 


not reduce its activity. ADP was hydrolyzed at approximately the same 
rate as ATP. There was a 2-fold stimulation by 7 X 10-* mw MgCl. In 


Tant II 
Formation of PP from ATP by Kidney Extracts 

Freshly obtained rabbit kidney was homogenised with 10 volumes of 0.5 u KCI, 
centrifuged at low speed, and the residue discarded. The supernatant fluid was 
dialyzed for 5 hours against distilled water and centrifuged for 20 minutes at 13,000 
x g. The optically clear supernatant fluid was used. The incubation mixture 
contained 1.2 ml. of kidney extract (5 mg. of protein), 6.15 us of ATP, 1.9 ml. of 
0.4 M tris(hydroxymethyl)aminomethane buffer, 0.8 ml. of 0.1 u CaCls, and dia- 
tilled water up to 10 ml. Incubation was at 37°, after which an aliquot was removed 
for inorganic phosphate analysis. Another aliquot of 1 ml. was mixed with 2 ml. 
of 0.03 u barbital buffer, pH 7, 0.3 ml. of 0.2 « MgCls, and 0.1 ml. containing 120 
units of yeast inorganic pyrophosphatase (10). After a second incubation period of 
15 minutes the mixture was analyzed for inorganic phosphate. The excess of MgCl; 
added for the second incubation overcame inhibition by CaCl; and enabled yeast 
inorganic pyrophosphatase to split completely any PP formed by the kidney ensyme. 


en om Inorganic phosphate formed from ATP 
| Pyrophosphate fraction® | Orthophosphate fraction 
Effect of time of incubation 
min. 
72 | 8.8 0.7 | 2.5 
185 | 8.8 0.9 2.8 
210 | 8.8 1.2 | 4.3 
385 | 8.8 1.4 6.6 
Effect of pH 

210 8.8 | 1.1 | 4.8 
210 | 8.1 | 0.4 3.6 
0.1 3.3 


210 | 7.4 | <0. 


This column of figures must be divided by 2 to be expressed as micromoles of PP. 


sharp contrast to the acid ATPase, this enzyme was stimulated 2.5-fold 
by 7 X 10-* u CaCl, PP was not split. 

A rough estimate of the concentrations of these enzymes in seminal 
plasma may be made because (1) the acid ATPase was uniquely heat- 
labile; (2) the PP-forming enzyme could be assayed by measuring PP 
formation in the presence of 7.7 X 10-* m MgCl, (which suppressed in- 
organic pyrophosphatase nearly completely); (3) the alkaline ATPase 
would be measured as ortho P liberation at pH 8.5 after heating, corrected 
for the PP-forming enzyme. On this basis seminal plasma had 80 units 
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per ml. of acid ATPase, 130 of alkaline ATPase, and 30 of the PP-forming 
ATPase. Seminal plasma usually contained 40 units per ml. of inorganic 
pyrophosphatase and 2900 units of 5-nucleotidase. A unit of activity is 
the liberation of 1 um of ortho P or PP per hour at 37° under optimal con. 
ditions of substrate concentration, pH, and metal activation. 


Studies with Kidney Extracts and Snake Venom 
Liberation of PP from ATP by Kidney Extracts—With a clear extract 
prepared from rabbit kidney, PP was formed from ATP at about one. 


Tant III 


Incorporation of PM from ATP into PP 

The incubation mixture contained 9 ua of ATP with 528,000 c.p.m. in the two 
labile phosphate groups, 1.4 ml. of kidney extract (like that used for Table I), 
3 um of inert carrier PP, 1.16 ml. of 0.1 1 CaCls, 1.16 ml. of u glycine buffer, pH 89, 
and water up to 15.1 ml. After 3 hours the reaction was stopped by adjusting the pH 
to 5.0 and heating at 100° for 2 minutes. A precipitate was removed by centrifuge 
tion and washed with 5 ml. of distilled water. The supernatant fluid and wash sols. 
tion were combined and placed on a 3.4 cm. X 1.3 cm. Dowex 1 chloride column 
The column was washed with water, and successive elutions were carried out with 
0.01 n HC1-0.02 n NaCl and 0.01 x HCl-0.04 n NaCl. This procedure gives good 
separation of ortho P, PP, ATP, ADP, and A-5’-P. No incorporation occurred with- 
out enzyme. As a further control the experiment was carried out with kidney 
extract which was nearly inactive owing to prolonged storage. Only 1500 c.p.m. 
were found in the PP fraction. 


— 


Amount present Total activity Specific activity 


ATP, beginning 528, 000 59,000 
%%% « 3.4 38,000 | 11,200 


seventh of the rate of ortho P production (Table II). The reaction was 
carried out iu the presence of CaCl, which inhibits inorganic pyrophospha- 
tase activity present in the extract. Formation of PP was much mor 
rapid at pH 8.8 than at pH 7.4. Spontaneous breakdown of ATP to yield 
PP was quite low under these conditions of incubation, and the substrate 
blank values have been subtracted. 

Formation of PP from ATP could also be demonstrated by using ATP 
with P® in the labile phosphate groups (Table III. Incubations were 
carried out in the presence of inert, carrier PP. Isotope was incorporated 
into the PP fraction to an extent consistent with the data in Table IL 


* At the end of the incubation period an aliquot was assayed for PP with yeas 
inorganic pyrophosphatase. The yeast enzyme is also inhibited by CaCl:, but this 
was overcome by addition of MgCls. 
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Studies with Snake Fenom Previous work (3) on the formation of PP 
from ATP by Crotalus adamanteus venom has been confirmed. Inosine 
triphosphate was also split, at least in part, by a mechanism yielding PP. 
Thus, under experimental conditions similar to those of Fig. 1, 1 um of 
inosine triphosphate was incubated for 200 minutes with 80 Y of lyophil- 
ized venom to give | um of inorganic orthophosphate and 0.65 yum of PP. 
Inorganic triphosphate was not hydrolyzed by the venom enzyme. 


DISCUSSION 


When the release of ortho P from ATP by bull seminal plasma is investi- 
gated, a very broad pH optimum extending from pH 7 to 8.5 is observed. 
This pH curve can now be attributed to the net effect of one acid and two 
alkaline ATPases. In the present study the three ATPase systems have 
been separated and partially purified. The mechanism of splitting has 
been clarified, and it was found that one of the enzymes catalyzed the 
direct cleavage of PP from ATP. The other product was A-5’-P, which 
was hydrolyzed to give ortho P due to the excess of 5-nucleotidase also 
present. The occurrence of multiple ATPase systems in other tissues such 
as muscle (14) and liver (15) should be noted. 

The direct liberation of PP from ATP has now been clearly demon- 
strated for bull seminal plasma and for venom. With respect to kidney 
extracts, it appears probable that the observed formation of PP at an al- 
kaline pH with a soluble, dialyzed enzyme preparation involves a similar 
reaction. However, the possibility exists that, even after dialysis, the 
extracts still contained small amounts of substances able to react with 
ATP to liberate PP indirectly by a mechanism such as that described by 
Kornberg (11). Fractionation of the system will be required to rule out 
this possibility. Formation of PP from ATP has recently been reported 
for undialyzed rat liver homogenates by Siliprandi and Cerletti (16). 
They postulated that PP was produced according to Equation 1, but with 
an undialyzed system the pyrophosphorolysis mechanism (11) could ac- 
count for their observation just as well. It should be noted that the 
aerobic accumulation of PP by broken liver cell dispersions in the pres- 
ence of glutamate and fluoride, which was discovered by Cori et al. (17), 
has been attributed to the occurrence of reversible pyrophosphorolysis re- 
actions (11, 17). 
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Three different ATPases have been separated from bull seminal plasma. 
One of these enzymes hydrolyzes ATP to form inorganic pyrophosphate 
and adenosine-5’-phosphate. It is relatively heat-stable, has a pH op- 
timum at 8.4 to 8.8, and requires neither calcium nor magnesium. The 
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second ATPase forms ortho P from ATP and has an acid pH optimum, 
It is destroyed by heating at 60° for 20 minutes, requires magnesium, and 
is inhibited by calcium. The third enzyme is a relatively heat-stable al. 
kaline phosphatase which liberates ortho P from ATP and is stimulated 
somewhat more by calcium than by magnesium. Partial purification of 
these ATPases has been obtained. 

Inorganic pyrophosphate is formed during the incubation of ATP with 
dialyzed rabbit kidney extracts at an alkaline pH. The mechanism of its 
formation is discussed. 
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INTRACELLULAR DISTRIBUTION OF VITAMIN A ESTER AND 
VITAMIN A ALCOHOL IN RAT LIVER* 


By N. I. KRINSK H anv J. GANGULY 
(From the Department of Biochemistry and Nutrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of Southern 
California, Los Angeles, California) 
(Received for publication, October 20, 1952) 

Although it is known that vitamin A is stored primarily in the liver, little 
information is available regarding the actual site and mechanism of this 
storage within the liver cell. Several workers (1-5) were able to locate 
vitamin A in the mitochondria of rat liver, both histochemically and by 
differential centrifugation. Using fluorescence microscopy, Popper (6) ob- 
served that the vitamin A fluorescence was widely distributed within the 
liver cell. During the course of our experiments, Collins (7) reported the 
presence of 20 per cent of the total vitamin A in the mitochondrial fraction 
of a rat liver homogenate. 

The available information regarding the intracellular location of vitamin 
A is not conclusive; moreover, none of the previous workers deal with the 
relative distribution of vitamin A ester and vitamin A alcohol within the 
liver cell. A recent report from this laboratory has demonstrated a quali- 
tative difference in the distribution of vitamin A ester, vitamin A alcohol, 
and of carotenoids in the plasma of several species (8). The present work 
was, therefore, undertaken to elucidate further the actual site of storage of 
both forms of vitamin A within the liver cell. As reported here, employing 
differential centrifugation, we have observed a qualitative difference in the 
intracellular distribution of the two forms of vitamin A. The ester form 
was found in a centripetally migrating fraction, while the alcohol form was 
more widely distributed. The mitochondrial fraction was found to be 
essentially free from vitamin A ester. 


Adult stock rats of the University of Southern California strain were 
used without previous fasting. The animals were sacrificed by drawing as 
much blood as possible from the heart with the aid of a syringe under light 
Nembutal anesthesia. The livers were immediately removed and blotted. 
* Paper No. 322 of the Department of Biochemistry and Nutrition, University of 
Southern California. Aided by a grant from the Nutrition Foundation, Inc., New 
York. 

t Procter and Gamble Fellow. 
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As the amount of vitamin A present in the blood left in these livers is 
insignificant, no perfusion was attempted. The excised liver (5.7 to 10 
gm.) was immediately homogenized in 4 volumes of ice-cold 0.25 M sucrose 
solution, with the aid of a Potter-Elvehjem homogenizer (9). 

In our preliminary experiments, in which the usual Schneider-Hogeboom 
procedure (10) was followed to isolate the cell fractions, we observed con- 
siderable amounts of vitamin A in the upper “creamy” layer. This upper 
layer was quite viscous at low temperatures, and it became obvious that, 
during decantation, contamination from this material was practically un- 
avoidable. It was, therefore, felt necessary to remove this material as 
completely as possible before any attempt was made to isolate the other 
cell constituents. As there is no provision for segregation of this material 
in the original procedure (10), we have adopted the following modification. 

An 8 ml. aliquot of the homogenate was carefully layered under 4 ml. of 
a 0.15 m sucrose solution, and was centrifuged for 60 minutes at 105,000 
X g,? after which three zones were visible. The turbid creamy layer at the 
top was carefully removed with a syringe and a blunt needle, and any 
material which solidified at the top was also removed with a cotton swab. 
Although the composition of this centripetally migrating material is not 
completely known, it will be referred to in this report as the cream“ frac- 
tion. Below this zone a clear solution of the cytoplasmic proteins and of 
other non-sedimenting materials was present, and this was also removed by 
means of a similar syringe and needle. The tightly packed residue was 
then rehomogenized with five to ten strokes in 8 ml. of 0.25 u sucrose 
solution. The remainder of the fractionation procedure was identical with 
that described by Schneider and Hogeboom (10). A Spinco ultracentti- 
fuge, model L, was used for centrifugation. All centrifugations and ho- 
mogenizations were performed at 5-7“ and care was taken to avoid un- 
necessary exposure to light. 

The individual cell fractions and an aliquot of the whole homogenate 
were extracted according to the procedure of Thompson et al. (12), and the 
two forms of vitamin A were separated by chromatography on alumina as 
described by Ganguly et al. (8). Vitamin A was determined by the Car- 
Price reaction, with the use of a Coleman junior spectrophotometer stand- 
ardized with a pure vitamin A alcohol solution. 

RESULTS AND DISCUSSION 

From the results presented in Table I, it is evident that vitamin A ester 

is concentrated in the cream fraction. This is essentially in agreement 


1 We have recently noted a similar procedure adopted by Chauveau and Clement 


(11). 
2 The gravitational forces were calculated from the center of the tubes. 
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with Collins (7), who found the majority of total vitamin A in his super- 
natant fraction. In our experiments, however, we were able to fractionate 
this supernatant fraction further into two parts; viz., a cream fraction con- 
taining most of the vitamin A ester and a supernatant fraction containing 
very little of the ester. 


Taste 
Intracellular Distribution of Vitamin A Ester and Vitamin A Alcohol in Rat Liver 
Homogenates 
Vitamin A ester Vitamin A alcohol 


nat Rat 2| Rat 3| Rat Rat Rat 1| Rat 2] Rat 3| Rat 4| Rat s 


Amount present, y per gm. liver 


98.0! 5.5, 7.7 2.6 3.8 

88.3} 1.0 2.3) 1.8} 4.4) 1.9 

7 53.1) 2.8 5.8 1.6) 1.4] 1.5 0.4] 0.9) 0.5 

21.00 3.2 4.5) 1.9) 1.2 0.9 0.5} 0.7] 0.4 

7.2 0.7| 1.1) 0.7, 0.5! 0.0] 0.6] 0.0 

1 25.1} 2.0 1.2 0.8] 0.3; 0.5) 0.0} 0.2 0.0 

Total recovered 4. 1466. 468. 7 200.6 93.3) . 3.7 2.7 6.8 2.8 

% recovered........... 80.4 77.0} 79.6) 86.9) 95.2) 80.0) 73.6 
% distribution* 

78.00 76.60 97.5 98.2 94.60 22.7| 40.3 66.7] 64.6] 67.8 

Supernatant... .......... 1.7] 11.4) 0.8 2.2 1.7] 31.80 26.3) 14.8] 13.2] 17.8 

Microsomes. ............. 9.3} 8.2 0.9| 1.7 2.0 27.3] 18.8 18.5] 10.31 14.3 

Mitochondria............. 4.0} 1.5; 0.2 0.4] 0.8] 11.4] 8.8} 0.0) 8.8] 0.0 

Nuclei... .... 6.9% 5.4] 0.5 0.8 0.9) 6.9] 8.8} 0.00 2.9 0.0 


Rats 1, 2, 4, and 5 were females and Rat 3 was a male. 
* Expressed on the basis of total recovery = 100 per cent. 


As rather large percentages of both forms of vitamin A are localized in 
the cream fraction, it seemed possible that the vitamin A in the supernatant 
fluid might be due to contamination from incompletely removed flotating 
materials. A rat liver homogenate was, therefore, prepared in 0.88 m 
sucrose solution, and aliquots of this homogenate were separately 
under distilled water and a series of sucrose solutions of different concen- 
trations, ranging from 0.44 to 0.11 m, and were then centrifuged for 60 
minutes at 105,000 X g. In all cases, an essentially identical distribution 
of both forms of vitamin A resulted, indicating that the vitamin A present 
in the supernatant fraction is associated with materials which do not float 
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in water or in the sucrose solutions when subjected to high centrifugal 
forces. 

The percentage of total vitamin A in the mitochondrial fraction is of ap 
order of magnitude that can be considered as contamination. This is in 
disagreement with earlier reports dealing with vitamin A within the liver 
cell. Joyet-Lavergne (1) and Bourne (2), using the Carr-Price reagent on 
liver sections, demonstrated a blue color development in particles which, 
they believed, corresponded to mitochondria. Popper (6), however, has 
questioned the specificity of this technique. Goerner and Goerner, ina 
series of papers (3-5), demonstrated considerable quantities of vitamin A 
in the mitochondria isolated from rat liver by differential centrifugation. 


This finding has recently been confirmed by Collins (7). In several pre 
TABLE II 

Ratio of Vitamin A Ester to Vitamin A Alcohol in Various Fractions of Rat Liver 

Homogenates 

Ratio of vitamin A ester to vitamin A alcobol 

Fraction | 

Rat 1 Rat 2 Rat 3 Rat 4 Rat 3 
Total homogenate........ 7 1 78.5 78.6 | 177 4.8 | 25.8 
. 261 155 198 56.4 46.5 
Supernatan t. | 4.1 38.4 7.0 6.5 3.2 
r 205.9 26.7 6.4 6.4 4.8 
Mitochondri ag. 226.4 14.4 1s ° 


* Results cannot be computed, since no vitamin A alcohol was detected. 


liminary experiments in which we used the usual Schneider-Hogeboom (10) 
procedure, we found as much as 40 per cent of the total vitamin A in the 
mitochondrial fraction. However, when the modified procedure as de- 
scribed in this report was employed, not more than 5 per cent of the total 
vitamin A could be found in the mitochondrial fractions. We believe that 
most of the vitamin A found in the mitochondrial fractions of our pre- 
liminary experiments and of others is probably due to contamination. 

The small quantities of vitamin A found in the nuclear fraction are 
probably due to contamination from whole cells, as a small percentage of 
whole cells could be observed histologically in this fraction. 

The ratio of ester to alcohol in Table II shows a marked difference in the 
distribution of the two forms of vitamin A in the various cell fractions. 
The ester form is concentrated in the cream fraction, whereas the alcohol 
form, in addition to being present in the cream fraction, is also present in 
appreciable amounts in both the supernatant and microsomal fractions. 
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Together, the two latter fractions contain about 36 per cent of the total 
recovered alcohol and less than 9 per cent of the total recovered ester. 
One possible explanation of this difference in distribution is that the two 
forms of vitamin A may be associated with different proteins within the 
liver cell. In a previous report from this laboratory a similar concept of 
association of vitamin A ester, vitamin A alcohol, and of carotenoids with 
different proteins in plasma has been presented (8). 

The possibility of protein anchorage of vitamin A in the liver has been 
suggested previously by Baumann et al. (13) and Abels et al. (14). More 
recently, Glover et al. (15) have proposed that vitamin A alcohol is present 
in the liver cell as a protein complex dispersed in an aqueous medium. 
We have observed that, following oral administration of large quantities of 
vitamin A, the rat liver tends to resist an increase in the free form of 
vitamin A, while the esterified form continues to be deposited (16). It 
seems possible that this resistance is due to the limited ability of the liver 
to form a protein complex with vitamin A alcohol. 

We feel it necessary to point out that a quantitative recovery of both 
forms of vitamin A could not be obtained in these experiments; the average 
recovery was 80 to 83 per cent. 


1. The relative distribution of vitamin A ester and vitamin A alcohol in 
the various cell fractions of rat liver homogenates was studied by means of 
the technique of differential centrifugation. 

2. A qualitative difference in the distribution of both forms of vitamin 
A in the various cell fractions was observed. Vitamin A ester was found 
to be concentrated in a centripetally migrating material. Vitamin A alco- 
hol, in addition to being present in this centripetally migrating material, 
was also present in appreciable amounts in the supernatant and micro- 
somal fractions. 

3. The mitochondrial and nuclear fractions were essentially free of vita- 
min A. 

4. It is suggested that vitamin A ester and vitamin A alcohol are asso- 
ciated with different proteins during storage within the liver cell. 


We are grateful to Professor H. J. Deuel, Jr., and to Professor J. W. 
Mehl for continued encouragement and helpful suggestions. 
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RELATIONSHIP OF THE DEPOSITION OF FOLIC AND FOLINIC 
ACIDS TO CHOLINE OXIDASE OF ISOLATED 
MITOCHON DRIA* 


By J. N. WILLIAMS, Jr., A. SREENIVASAN,t SHAN-CHING SUNG, anv 
C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, November 24, 1952) 


In several recent publications (1-4) it has been reported that dietary 
aminopterin produces a marked decrease in rat liver choline oxidase activ- 
ity as measured by the whole homogenate technique. A simple folic acid 
deficiency, however, has been shown to produce only slight changes in the 
activity of this enzyme (5). It was probable that a simple folic acid de- 
ficiency did not deplete the tissues of folic (and folinic) acid to a great 
enough extent to produce much change in the activity of the whole ho- 
mogenate. If only minute amounts of a folic acid cofactor were needed 
by the enzyme, a whole liver homogenate, even from deficient animals, 
might contain enough of the cofactor to maintain the normal activity of 
the enzyme. The choline oxidase system of rat liver has been shown to be 
located in the mitochondrial fraction of liver (6-8). Therefore, the authors 
felt that, if the mitochondria were isolated, washed, and thus freed of 
extraneous folic acid, folinic acid, or cofactor containing either of these in 
bound form, the effects of a simple folic acid deficiency could be demon- 
strated more clearly. 

In the present investigation not only the effect of a simple folic acid 
deficiency on the choline oxidase of isolated mitochondria has been studied, 
but also a comparison has been made with the effects on the mitochondrial 
activity of the enzyme produced by feeding aminopterin to rats. In order 
to complement the enzyme results, and to study the correlation of the 
enzyme activity with folic acid and folinic acid' concentration in the tissues, 
all of the samples used for the enzyme determinations were assayed micro- 
biologically for both folic acid and folinic acid. In the course of these 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 
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studies, some interesting effects of dietary aminopterin on the concentra- 
tions of folic acid and folinic acid in liver fractions have been uncovered, 
Also some new concepts concerning the assay of enzymes in mitochondrig 
have been derived. 


EXPERIMENTAL 


Folic Acid Deficiency—Weanling, male rats of the Sprague-Dawley strain 
were employed as experimental animals. They were divided into two 
groups, one receiving a complete ration plus sulfasuxidine and the other 
receiving the same ration with folic acid omitted. The contents of these 
rations have been published previously (9). The two groups of rats were 
fed their respective rations for 5 weeks. At the end of this period the 
average weights of the groups were as follows: normal control, 204 gm: 
folic acid-deficient, 105 gm. The rats of both groups were then sacrificed 
by decapitation, the livers removed, and the mitochondria isolated and 
washed as previously described (10). The mitochondria from 4 gm. of 
liver were finally suspended in 25 ml. of ice-cold distilled water and used 
as such for the enzyme determinations. Aliquots of the whole unfrac- 
tionated homogenates and of the mitochondrial suspensions were stored 
at —5° until assayed microbiologically for folic acid and folinic acid. 

The basic system used for the enzyme determinations was prepared as 
follows: Warburg flasks were set up containing 0.6 ml. of Krebs-Ringer 
phosphate buffer (11), 0.2 ml. of 2 X 10 M cytochrome c (Sigma Chemical 
Company), and 0.2 ml. of water in the main compartment. In alternate 
side arms was added 0.2 ml. of 2 per cent choline chloride or water. Fi- 
nally 0.5 ml. of the mitochondrial preparation to be assayed for choline 
oxidase activity was added to the main compartment of the flasks. The 
final volume in the flasks was brought to 2.2 ml. by adding water to the 
side arms. The center well of each flask contained 0.2 ml. of 10 per cent 
potassium hydroxide to absorb carbon dioxide. In certain experiments, 
as will be pointed out later, extra water was added to the flasks to bring 
the final volume to 3.2 ml. 

The results of these experiments, which are presented in Table I (Group 
A), have been calculated in terms of per cent of control. In this case the 
control was taken as the activity of the normal mitochondrial preparation 
in a 2.2 ml. incubation volume and the activities of the other systems were 
calculated as per cent of the control. In this way, the effects of variation 
in absolute activity from animal to animal of any one group could be 
overcome to a great extent. The results of these experiments indicate 
that when the total incubation volume was 2.2 ml. there was a marked 
difference in the mitochondrial choline oxidase activity between the normal 
and folic acid-deficient rats. However, this difference disappeared when 
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the volume was increased to 3.2 ml. Therefore, it appears that, when the 
concentrations of the flask components (including the enzyme) are de- 
creased (by increasing the volume with water), the folic acid deficiency 
no longer limits the choline oxidase activity of the mitochondrial system. 
The choice of the 2.2 ml. volume in the first experiments fortuitously gave 
the expected result, whereas, if the 3.2 ml. volume had been used first, the 
effect of the folic acid deficiency would have been overlooked. From these 
results it appears that the cofactor or cofactors for choline oxidase are 
firmly bound to the mitochondria. If the cofactors had been easily dis- 
sociable from the enzyme, dilution of the enzyme would probably have 
made the cofactor more limiting with a consequent decrease in activity. 


TABLE I 
Relationship of Simple Folie Acid Deficiency and Dietary Aminopterin to 
Mitochondrial Choline Oxidase Activity 


Choline oxidase activity, 
per cent of control“ 
Group Treatment of rats Volume of system 
Normal | Deficient 
mito- mito- 
ml, 
A Normal vs. folic acid deficiency 2.2 100 61 
3.2 100 118 
B Normal vs. dietary aminopterin 1.5 | 131 66 
2.2 100 80 
| 3.2 | 110 130 


* 100 = 54 wl. of Os per hour per flask. Each figure is the average of three sepa- 
rate experiments. 


In order to study this phenomenon more fully, a series of experiments 
was carried out in which the substrate concentration was varied while the 
concentrations of the other flask components were held constant. From 
earlier work (12) it had been demonstrated that the substrate at high 
concentrations inhibits the activity of choline oxidase. Therefore, if the 
choline oxidase activity of the folic acid-deficient mitochondria is less than 
the normal at a volume of 2.2 ml. but equal to the normal at 3.2 ml., the 
concomitant decrease in the substrate concentration might have been just 
enough to shift the effective substrate concentration from a point where it 
would inhibit the less active enzyme to a point where the inhibition no 
longer appeared. In the following experiments substrate concentration 
curves were obtained for the normal and for folic acid-deficient mitochon- 
dria. The final flask volume was maintained at 2.2 ml., and the concen- 
trations of the flask components other than the substrate were kept the 
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same as before. The choline chloride was varied from 0 to 7 mg. per flask 
with several intermediate values as shown in Fig. 1. Here it can be seen 
that up to a point typical substrate concentration curves were obtained 
for both the normal and folic acid-deficient mitochondria. Above 3 mg. 
of choline chloride, however, a marked inhibition of the folic acid-deficient 
mitochondria occurred, while the normal mitochondria continued to re. 
spond positively to increasing amounts of the substrate. Therefore, these 
results indicate that, when the substrate concentration is high enough to 
give maximal activity with normal mitochondria, the apparent decrease in 
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MGS. CHOLINE CHLORIDE 
PER FLASK 
Fic. 1. Relationship of substrate concentration to mitochondrial choline oxidase 
activity of normal (Curve I) and folic acid-deficient (Curve II) rats. Each curve is 
the average of five separate experiments. The ordinate is expressed as per cent of 
the maximal choline oxidase activity obtained. 100 = 70 yl. of O: per hour per 


flask. 


activity with folic acid-deficient mitochondria is amplified by the substrate 
inhibition of the latter. At lower substrate concentrations the difference 
in the two curves becomes less and they finally approach each other. 
These experiments indicate, therefore, that enzyme assays in which a nor- 
mal and an abnormal system are compared may give different results de- 
pending upon the substrate concentration, especially if high concentrations 
of the substrate inhibit the enzyme. The results also indicate that the 
choline oxidase in folic acid-deficient mitochondria is less active than that 
in normal mitochondria. 

The mitochondrial samples used for the enzymatic studies above (Table 
I (Group A) and Fig. 1), as well as aliquots of the whole liver homogenates 


from which the mitochondria were isolated, were assayed microbiologically _ 
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for both folic acid and folinic acid. To release the bound factors 1 ml. 
aliquots of the samples were incubated for 18 hours at 37° with 0.2 ml. of 
hog kidney enzyme (13), 7.8 ml. of 0.06 m acetate buffer of pH 4.5, and 1 
ml. of 0.4 M L-cysteine hydrochloride. ‘Toluene was added to each incuba- 
tion mixture. After incubation the samples were autoclaved for 10 min- 
utes, diluted to 25 ml. with water, adjusted to pH 7.0, and filtered. The 
filtrates were kept frozen until assayed for folic and folinic acids. Folic 
acid was assayed by the method of Luckey et al. (14) using Streptococcus 
faecalis R and folinic acid by the procedure of Sauberlich and Baumann 
(15) using Leuconostoc citrovorum ATCC 8081. Each sample was assayed 
in quadruplicate and the entire assay, including the incubation with hog 


II 


Effects of Simple Folic Acid Deficiency and Dietary Aminopterin on Concentration 
of Folic and Folinie Acids in Whole Liver and Liver Mitochondria 


— — 


per gm. liver ot ts por gu. liver on 
eum Treatment of rats equivalent ~ equivalent 
| Whole | Mite | Whole | Mito 
liver chondria liver chondria 
A Normal 2464 192 156 11.1 
Folic acid deficiency 331 10.7 44 | 7.8 
B Normal 2628 82 212 11.0 
Dietary aminopterin 2517 75 83 6.5 


Fach figure is the average of three to five samples from different animals run 
in octuplication. 


kidney enzyme, was repeated and the results of both assays averaged to- 
gether. The results of these analyses, presented in Table II (Group A), 
indicate that a folic acid deficiency produces a marked decrease in folic 
acid both in the whole homogenate as well as in the liver mitochondria. 
About 90 per cent of the folic acid is lost during the 5 week depletion pe- 
riod both from the whole liver and the mitochondria. In the case of folinic 
acid a marked decrease occurs in the whole liver concentrations, although 
the relative loss is not as great as that for folic acid. The folic acid defi- 
ciency produces a less marked loss in folinic acid from the mitochondria 
(from 11.1 magm. per gm. equivalent of mitochondria to 7.8 mygm.). Al- 
though this decrease is less in the mitochondria, the difference is, neverthe- 
less, highly significant. If one compares the loss in mitochondrial choline 
oxidase activity caused by a folic acid deficiency (the difference in maxima 
of Curves I and II in Fig. 1) with the loss in folinic acid from the mitochon- 
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dria, the relative decreases in enzyme activity and folinic acid are almott 
identical (100/72 = 1.39; 11.1/7.8 = 1.42). These results lend support 
to the conclusion that folinic acid rather than folic acid is closely related 
to mitochondrial choline oxidase activity. 

Effects of Dietary Aminopterin—In these experiments adult male rata of 
the Sprague-Dawley strain were used as experimental animals. They were 
fed the complete ration fed to the weanling rats in the above experiments 
except that sulfasuxidine was omitted and 4 mg. of aminopterin? per kilo 
of ration were included. When the marked symptoms caused by the 
aminopterin were observed (after about 10 days), the animals were used 
in the enzyme studies. The liver mitochondrial suspensions were pre- 
pared from whole liver homogenates as described. The enzyme studies 
were carried out as above except where noted in Table I (Group B). Ali. 
quots of the whole homogenates and mitochondrial suspensions were stored 
at —5° for determinations of folic and folinic acids. 

In Table I (Group B) are presented the results of the experiments in 
which the volume of the system used in the enzyme determinations was 
varied. As in a simple folic acid deficiency (Group A), a significant depres 
sion in mitochondrial choline oxidase activity was observed for the rats 
fed aminopterin when the 2.2 ml. volume was used. This difference, how- 
ever, disappeared as before when the volume was increased to 3.2 ml. with 
water. When the volume was decreased to 1.5 ml., the difference again 
appeared and was considerably greater than that observed for the 2.2 ml. 
volume. 

An expansion of these results was carried out as before with the substrate 
concentration curves, which are presented in Fig. 2. Results very similar 
to those for a simple folic acid deficiency (Fig. 1) were observed. There. 
fore, it appears that dietary aminopterin has the same effect on mitochon- 
drial choline oxidase as a folic acid deficiency. In fact, the effects are 
practically indistinguishable. 

In Table II (Group B) are presented the results of assays for folic and 
folinic acids of the enzyme samples used in the above experiments. These 
data indicate that aminopterin has no effect either on whole liver folic acid 
or on mitochondrial folic acid. However, the effect on whole liver and 
mitochondrial folinic acid is quite marked in that dietary aminopterin 
depresses the folinic acid concentration to almost the same extent ass 
simple folic acid deficiency. The fact that the control values for folic and 
folinic acids in Group B (Table II) are different in some cases from thos 
in Group A can be explained on the basis that adult animals fed a ration 

2 The authors wish to thank Dr. W. L. Williams and Dr. J. J. Oleson of the Lederle 


Laboratories Division, American Cyanamid Company, Pearl River, New York, for 
generous samples of folinic acid (leucovorin, Lederle) and aminopterin, respectively. 
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lacking in sulfasuxidine were used in the present experiments (Group B), 
whereas weanling rats fed a ration containing 2 per cent sulfasuxidine were 
used in the preceding experiments (Group A). The relative loss in folinic 
acid, however, was the same in both cases. 

The decrease in mitochondrial folinic acid caused by dietary aminopterin 
again very closely parallels the loss in mitochondrial choline oxidase activ- 
ity, just as with a simple folic acid deficiency. These results again indicate 
that folinic acid, rather than folic acid, in liver tissue is involved in main- 
tenance of mitochondrial choline oxidase activity. 
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MGS. CHOLINE CHLORIDE 
PER FLASK 
Fic. 2. Relationship of substrate concentration to mitochondrial choline oxidase 
activity of normal (Curve I) and aminopterin-fed (Curve II) rats. Each curve is 
the average of three separate experiments. The ordinate is expressed as per cent 
of the maximal choline oxidase activity obtained. 


1. A folic acid deficiency significantly depresses the activity of choline 
oxidase in isolated rat liver mitochondria. The relation of the substrate 
concentration to this effect in the mitochondrial system has been found to 
be very important in interpreting enzyme data in which the normal and 
the abnormal systems are compared. Almost exactly similar results were 
obtained in studies with the liver mitochondria of rats fed aminopterin. 

2. Analyses of the whole liver and liver mitochondria of normal and 
folic acid-deficient rats for folic and folinic acids indicate that these sub- 
stances are markedly decreased in a folic acid deficiency. Both whole 
liver and liver mitochondria lose about 90 per cent of their folic acid con- 
tent during a 5 week depletion period. About 70 per cent of the whole 
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liver folinic acid and about 30 per cent of the mitochondrial folinic acid 
are lost during the depletion period. The loss in mitochondrial folinie ac 
almost exactly parallels the loss in choline oxidase activity. 

3. Dietary aminopterin has no effect on either whole liver or mitochon. 
drial folic acid. However, it induces a marked loss in folinic acid both 
from whole liver and mitochondria. This loss is approximately the sam 
as that produced by a simple folic acid deficiency. Correlation of then 
data with the mitochondrial enzyme results for aminopterin-fed rats leads 
to exactly the same conclusions as indicated for a simple folic acid def. 
ciency. 
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BIOSYNTHESIS OF THE PURINES 


III. REACTIONS OF FORMATE AND INOSINIC ACID AND AN EFFECT 
OF THE CITROVORUM FACTOR* 


By JOHN M. BUCHANAN anp MARTIN P. SCHULMANTt 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, May 23, 1952) 


Previous experiments have shown that when hypoxanthine is synthe- 
sized de novo from formate, glycine, and CO, in extracts or homogenates of 
pigeon liver these substrates are utilized for purine synthesis in the molecu- 
lar ratio of 2:1:1 (1). Formate is the precursor of carbon atoms 2 and 8 
of the purine base; glycine, of atoms 4, 5, and 7; and CO: of atom 6 (2, 3). 
The present problem originated with the observation that when non-radio- 
active inosinic acid was added to the incubation mixture radioactive for- 
mate was sometimes incorporated into the purine base of inosinic acid in 
far greater quantities than would be expected from the measurement of 
de novo synthesis of purine when radioactive glycine was used as the tracer. 
In vessels which had been incubated with radioactive formate the specific 
activity of carbon atom 2 of inosinic acid was sometimes considerably 
greater than that of carbon atom 8. These facts led to the conclusion that 
in certain cases formate was involved in reactions other than those of de 
novo synthesis of purine, and suggested that inosinic acid-2-C" may be 
formed by the enzymatic equilibration of radioactive formate and normal 
inosinic acid, 4-amino-5-imidazolecarboxamide ribotide being an interme- 
diate of these reactions. The involvement of this latter compound in 
purine synthetic reactions has also been indicated by previous experiments 
in this laboratory with radioactive 4-amino-5-imidazolecarboxamide (4, 
5) and by the studies of Greenberg (6) on the role of inosinie acid in hypo- 
xanthine formation. 

Since it has been anticipated that folic acid derivatives participate as 
cofactors in the formylation reactions of purine synthesis (7), folie acid 
and its metabolic derivative, the citrovorum factor, were tested for their 
efiect on the incorporation of radioactive formate in the above system. 

*Aided by grants from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. Cie was received on allocation from the Atomic 
Energy Commission. 

t Present address, Department of Biological Chemistry, School of Medicine, New 
York Medical Center at Syracuse University, Syracuse, New York. 
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We have noted (8, 9), as has Greenberg (10), that the citrovorum facto 
often stimulated this reaction several fold. Folic acid likewise had an e. 
fect on formate incorporation at low concentrations of vitamin, but its d. 
fect was never so pronounced as that elicited by the citrovorum factor. 


EXPERIMENTAL 


In most of the experiments reported unlabeled sodium inosinate was in- 
cubated for a short time with either radioactive glycine or formate in the 
presence of extracts or homogenates of pigeon liver. The preparation d 
extracts and homogenates has been previously described (1). At the con- 
clusion of the experiment the reaction was stopped and inosinic acid was 
isolated by one of the following procedures. 

Procedure I—In this procedure inosinic acid was isolated with the ue 
of a Dowex 1 (chloride) column. When the incubation was carried out @ 
a large scale (75 ml.), barium inosinate was isolated in crystalline form by 
the procedure previously described (5). When the incubation was carried 
out on a small scale (1 to 2 ml.), the proteins were coagulated by heat, and 
the supernatant solution was brought to pH 10 and placed on a smal 
Dowex 1 (chloride) column (0.8 cm. in diameter and 3 cm. long). The 
column was washed with 0.005 n HCl until the pH of the effluent was ap- 
proximately 2.5 as determined by indicator paper. After this point, the 
column was washed with 30 ml. of 0.005 n HCl and then with 25 ml. d 
water. This treatment removes hypoxanthine and inosine, but inosinie 
acid still remains on the column. Finally, 10 ml. of 0.1 Nn HCl were added 
to the column to elute inosinic acid. Inosinic acid, whether obtained from 
either large or small scale incubations, was then hydrolyzed to the free 
base in 0.1 V HCl and the resulting hypoxanthine converted to uric acid 
at neutral pH by the action of xanthine oxidase. After addition of 50 to 
100 mg. of uric acid as carrier, uric acid was isolated by the procedure d 
St. John and Johnson (11) and chemically degraded by reaction with 
KCIO; in strong HCI (12) so that carbon atoms 2 and 8 of the purine bas 
could be separated from each other and from the other carbon atoms d 

Procedure 1I—The technique of filter paper chromatography was also 
used to isolate inosinic acid when incubations were carried out on a small 
scale (1 to 2 ml.). The reaction was stopped by cooling the vessels in ice 
and by adding 0.1 volume of 30 per cent trichloroacetic acid to the reactia 
medium. The chilled supernatant solution was applied with a mieropi- 
pette to sheets of Whatman No. | filter paper. The inosinic acid was the 
chromatographed for 16 to 24 hours by the ascending method (13) with 
a solvent system of n-butanol, diethylene glycol, and 0.1 N HCI (4:1: 
(14). The inosinic acid, whose location on the paper was ascertained by 
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use of a Mineralight lamp, was extracted with water. After concentra- 
tion to a small volume, the inosinic acid solution was hydrolyzed to hypo- 
xanthine in 0.1 N HCl for 30 minutes. All purine compounds were then 
rechromatographed for 16 hours by the method of Carter (15) with a sol- 
rent composed of a 1.0 em. layer of 5 per cent Na: HPO. saturated with 
jsoamy! alcohol covered by a 0.5 cm. layer of isoamyl alcohol. The aque- 
ous extract of the hypoxanthine area on the paper was reduced in volume; 
one portion was tested for its content of hypoxanthine (16) and another 
plated for radioactivity measurement. When it was desired to degrade 
the hypoxanthine, the entire sample was treated with xanthine oxidase, 
carrier uric acid was added, and uric acid was isolated and degraded. 

The inosinic acid was prepared as previously described (5); the citro- 
worum factor (synthetic leucovorin') was supplied by Dr. T. Jukes, and the 
folic acid was purchased from General Biochemicals, Inc. 

Results 

Preliminary Experiments Comparing Incorporation of Glycine and For- 
mate into Inosinic Acid—Data of representative experiments on the in- 
corporation of radioactive glycine and formate into inosinie acid are in- 
eluded in Table I. The experiments fall distinctly into two categories. 
In Experiment 30, for example, glycine and formate are incorporated into 
inosinic acid in proportions expected during de novo synthesis of purine. 
In contrast to this, in Experiments 8 and 13 there is an excessive incorpora- 
tion of formate into position 2 of inosinic acid compared to the incorpora- 
tion of formate into position 8 or glycine carbon into position 4. Initial 
attempts to obtain one or the other metabolic patterns at will were unsuc- 
cessful. It was eventually realized, however, that of the substrates 
included in Experiments 8 and 13 of Table I the presence of inosinic acid 
but not hypoxanthine oi a-ketoglutarate was necessary for the occurrence 
of the excessive incorporation of formate into the 2 position of the purine 
base, a reaction which will hereafter be designated as an “enzymatic ex- 
change” reaction of formate. This reaction occurred equally well in ex- 
tracts and in homogenates of pigeon liver. It was also noted upon exam- 
ining the data of Table I that the “enzymatic exchange“ reaction of formate 
became apparent in those experiments in which the synthesis of purine 
from glycine was for some reason severely reduced. To accomplish this 
reduction of de novo synthesis at will, one of the precursors of the purine 
ring, bicarbonate, was omitted from the incubation medium. 

Effect of Bicarbonate on Reactions of Formate, Glycine, and Inosinic Acid 
—As is shown in Table II, the omission of bicarbonate resulted in a marked 


The stock solution of leucovorin (N-5-formy]-5,6,7,8-tetrahydrofolic acid (17)) 
contained 3 mg. (20,000,000 units per ml.) of the anhydrous free acid. 
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1 


Comparison of Incorporation of Radioactive Formate and Glycine into Carbon Atom 
of Inosinic Acid in Presence of Bicarbonate and Inosinic Acid 


Radioactive substrate incorporated® | pa — carbons 
„ Formate Glycine | | 
Position 2 Position 8 Position 4 
Position 2 Position 8 Position 4 | 
8 6.0 0.52 0. 048 125 | 11 1 
13 11.6 0. 54 0. 073 159 7 1 


— 


Comparison of the incorporation of radioactive substrates was carried out in this 
and succeeding experiments by incubating comparison vessels, one containing radio. 
active formate and normal glycine, the other containing radioactive glycine and 
normal formate. The concentration of glycine in the vessels of Experiments 8, 13, 
and 30 was 1.7, 4.6, and 7.4 mu per liter respectively. The concentrations of other 
substrates were HCO, (25 m per liter), formate (6.0 mu per liter), and sodium 
inosinate (3.5 mu per liter). The vessels of Experiments 8 and 13 contained in addi- 
tion a-ketoglutarate (8.8 mu per liter) and hypoxanthine (4.7 ma per liter). Ex. 
periments 8 and 13 were carried out with a pigeon liver homogenate; Experiment # 
with a pigeon liver extract. Temperature of incubation, 38°; duration of reaction, 
5 to 6 minutes. 

* All results are calculated in terms of the micromoles of substrate incorporated 
into the carbon atoms of 1 mu of inosinic acid isolated. Inosinic acid was isolated 


by Procedure I (see the text). 


Taste II 
Effect of Bicarbonate on Incorporation of Radioactive Substrates into Inosinie Acid 
| | Ratio of formate 
Experiment No. | Bicarbonate | Formate —— 


— — ꝛLAü!— — — 


| | 


29 (a) Absent 1.4 | 0.3 4.6 
29 (6) Present 13.5 12.1 1.1 
30 (a) Absent — 0.54 3.48 0.93 3.7 
30 () Present | 18.8 21.2 14.9 1.4 


Bicarbonate added in a concentration of 30 mm where indicated. Concentratie 
of glycine 7.4 mu per liter, formate 7.4 mu per liter, sodium inosinate 3.0 mu per liter. 
Incubation volume 2.7 ml., containing extract from 0.8 gm. of liver. 

* Results calculated in terms of micromoles of substrate incorporated into th 
carbon atoms of 1 mu of inosinic acid isolated. Inosinic acid was isolated by Pre 
cedure I in both experiments. 
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reduction in the utilization of both formate and glycine for purine synthe- 
ds. In the presence of bicarbonate (Experiment 30), the incorporation of 
dxrine into position 4 was approximately the same as that of formate into 
psitions 2 and 8. The ratio of the specifie activities of carbon atom 2 to 
carbon atom & was 1.4. When bicarbonate was excluded, the total formate 
incorporated into position 2 plus 8 was approximately 9 times greater 
than the amount of glycine incorporated into position 4 and the ratio of 
specific activities of carbon 2 to carbon 8 was 3.6. In Experiment 29 this 
ratio Was 1.1 in the presence of bicarbonate and 4.5 in its absence. It is 
thus apparent that in the presence of bicarbonate two types of metabolic 
reactions may be superimposed upon each other, the “enzymatic exchange”’ 
reaction of formate with carbon 2 of inosinic acid and the reactions of for- 
mate involved in the de novo synthesis of purine. By excluding bicarbon- 
ate from the medium, this latter synthesis may be severely reduced and 
the former reactions may be observed. Since bicarbonate was included 
in all experiments in Table I, the low de novo synthesis of inosinic acid from 
deine in the first two experiments must be attributed to the fortuitous 
absence of some other essential factor of the reaction. 

Participation of Inosinic Acid in “Enzymatic Exchange Reaction of For- 
mate—In order to ascertain whether inosinic acid itself participated in the 
“enzymatic exchange” reaction of formate, extracts of pigeon liver were 
incubated for short periods of time in the presence of either formate and 
radioactive glycine or glycine and radioactive formate. Reactions were 
carried out in the absence of added bicarbonate. Vessels 1 and 2 (Table 
III) contained no other additions than the above. However, hypoxan- 
thine was added to Vessels 3 and 4, inosine to Vessels 5 and 6, and inosinic 
acid to Vessels 7 and 8. After denaturation of the enzymes at the conclu- 
ion of the experiment, inosinie acid was added to the control vessels (Nos. 
land 2), the purine compounds were hydrolyzed in all vessels, and the 
hypoxanthine was converted to uric acid. Of the three compounds only 
inosinie acid had a pronounced effect on the synthesis of inosinie acid from 
glycine. De novo synthesis of purine in Vessel 7 was 6-fold smaller than 
that in the control Vessel 1. Likewise, considerably less radioactive for- 
mate was incorporated into position 8 in the presence of inosinic acid than 
in its absence. The incorporation of formate into position 2 of inosinic 
wid, however, was stimulated approximately 2-fold by the addition of in- 
inic acid. As shown in Table III, the ratio of the specific activities of 
carbon 2 to carbon 8 was approximately 1.5 for the first three formate ves- 
els; i.¢., the control and those containing either hypoxanthine or inosine. 
Upon addition of inosinie acid, however, the above ratio increased to 6.6. 
These data indicate that the presence of inosinie acid in the medium has 
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a marked depressing effect on de novo synthesis of purine from glycine and 
is in some way responsible for obtaining the unequal distribution of fog. 
mate incorporation into positions 2 and 8 of hypoxanthine compounds, 
Effect of citrovorum Factor and Folic Acid on Incorporation of Radioactin 
Substrates into Purine Positions 4, 2, and 8—In Fig. 1 the effect of th 
addition of folic acid or citrovorum factor in increasing concentrations 1 
shown. In this experiment incubations were carried out in the preseng 


III 


Effect of Hypozanthine, Inosine, and Inosinic Acid on Incorporation of Radioactix 
Substrates into Purines 


Radioactive substrate incorporated“ 
Ratio of 
Vessel No. Additions Gage Formate 
Position 2 Position 8 
ma per l. 
1,2 None 0.0116 | 0.0136 | 0.0090 1.51 
3,4 | Hypoxanthine 3.5 0.0111 | 0.0123 0.0085 1.44 
5,6 Inosine 1.9f 0.0102 | 0.0130 0.0085 1.53 
7,8 | Inosinate 3.5 0.0020 | 0.0218 0.0033 6.60 


All vessels contained 7.7 ma per liter of glycine and 7.7 mu per liter of formate 
Bicarbonate was omitted from the incubation medium and from the medium weed 
for extract preparation. The above measurements were made in companion vessels, 
the odd numbered vessels containing 20 um of NH, CH, COOH (55,500 c.p.m. per au) 
and 20 um of formate, and the even numbered vessels containing 20 um of HCOONs 
(44,800 c.p.m. per um) and 20 um of glycine. 2 ml. of extract from 0.8 gm. of liver. 
Final volume, 2.6 ml. 

* Results calculated in terms of micromoles of substrate incorporated into th 
carbon atoms of the total amount of “hypoxanthine” compounds isolated in esd 
vessel. 

A similar result was obtained in another experiment in which the concentr 
tion of inosine was 3.5 mu per liter. 


of bicarbonate. Addition of citrovorum factor in increasing concentration 
produced a gradual increase in the specific activity of the inosinate. At 
the highest level of citrovorum factor added (45 y per ml.) the incorpom 
tion of radioactive formate had been increased more than 3-fold. Them 
corporation of radioactivity into inosinic acid was increased in the same 
experiment about 1.5-fold upon addition of 5 y per ml. of folic acid. Higher 
concentrations of folic acid, however, had no further effect. This was» 
contrast to the experiments with the citrovorum factor. The stimulatia 
of reaction by folic acid results possibly from a limited conversion of ths 
compound into the citrovorum factor (18). Vitamin Bua when added i 
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concentrations of 0.02 y per ml. had no effect on the reaction. Glutamic 
acid and p-aminobenzoic acid at concentrations of 5.4 and 6.6 y per ml., 
respectively, were tested and found to have no effect on formate incorpora- 
tion when compared to an equimolecular concentration of the citrovorum 
factor (20 Y per ml.). 

In order to ascertain, if possible, the site of action of the citrovorum fac- 
tor in the enzymatic reactions of inosinic acid synthesized from glycine, a 


(cpm; micro mole) 


SPECIFIC ACTIVITY OF INOSINIC ACID 


MICRO GRAMS OF CVF OR FA ADDED PER ML. 
EXTRACT 
Fic. 1. Comparison of the effect of the citrovorum factor and folic acid at various 
concentrations on the incorporation of radioactive formate into inosinic acid. Each 
vessel contained 3.5 millimolar HC“OONa (48,000 c.p.m. per um) and 3.2 millimolar 
inosinate, plus the citrororum factor or folic acid as indicated. The vessels were in- 
cubated at 38.6° for 5 minutes and the incubation volume was 1.25 ml. Bicarbonate 


added in 20 millimolar concentration. Analysis performed by Procedure II (see 
Experimental“). @ = citrovorum factor; X = folic acid. 


comparison was made of the effect of the cilrovorum factor on the incor- 
poration of the carboxyl carbon of glycine into position 4 of purines and the 
incorporation of formate into positions 2 and 8. A series of experiments 
was carried out both with and without the addition of bicarbonate to the 
reaction vessel. In all experiments except one, the addition of citrovorum 
factor to the pigeon liver extract resulted in an increase of glycine incor- 
poration into position 4 of inosinic acid and of formate into position 8. The 
increase of incorporation of formate into position 2, which was due to the 
presence of the citrovorum factor, was, however, considerably greater than 
the increase of incorporation of radioactive substrates into positions 8 and 
4. This observation suggests that the stimulation of substrate incorpora- 
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tion by citrovorum factor into positions 8 and 4 is due to an increase in d 
novo synthesis of purine and that the greater stimulation of formate into 
Taste IV 
Effect of citrovorum Factor on Utilization of Radioactive Substrates for Purine 
Synthesis in Presence of Bicarbonate and Inosinic Acid 

| Stimulation of incorporation of 
Radioactive substrate incorporated active substrates in — fp 
| by factor! 
or absent“ | Formate | 
| Position 4 | Position 2 | Positions 
Position 2 | Position 8 | | 
2 us 11 | 
| + 66.2 40.6 | 50.7 235.5 
10.4 10.9 
+ 3.6 17.9 18.2 7.0 
4.7 4.0 
| + 22.5 12.0 15.5 7.1 
28 , — 97.7 73.0 | 
104.4 62.3 6.7 | -10.7 
29 — | 13.5 12.1 | 
+ | | 18.7 a7 
30 — 18.8 21.2 14.9 
+ 23.8 36.5 16.9 5.0 | 15.3 2.0 
36t — 10.2 15.1 12. | 
+ 3.7 8.4 2.0 128 «19.3 8.5 


* When present, citrororum factor was added in concentrations of 23 y per ml. d 
incubation mixture, except in Experiment 2 in which the final concentration wa 
1257 per ml. The vessels contained 2 ml. of extract (equivalent to 0.8 gm. of liver), 
on an average 8 uu of inosinate, and either glycine (20 um) and radioactive formate 
(20 wm) or formate and carboxyl-labeled glycine. Concentration of bicarbonate, 
30 mo per liter. Final volume, 2.6 ml. Incubation time, 5 to 6 minutes; tempen- 
ture 38°. 

t In all previous experiments the residual inosinic acid was separated from its 
metabolic products before radioactive analysis; in Experiments 2 and 20 by Proee- 
dure II; in Experiments 27 to 30 by Procedure I; in Experiment 36, however, th 
total hypoxanthine compounds were analyzed together after hydrolysis by acid to 
hypoxanthine. 

t Results calculated in terms of micromoles of substrates incorporated into th 
carbon atoms of 1 m of inosinic acid isolated. 


position 2 results from both an enhancement of de novo synthesis of purine 
and a stimulation of the “enzymatic exchange“ reaction. In the presence 
of bicarbonate (Table IV) the order of magnitude of stimulation of bot 
of the above reactions by the citrororum factor was approximately equal. 
Again, the selective stimulation of the citrovorum factor on the incorpom- 
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tion of formate into position 2 of inosinic acid was better shown in the ab- 
sence of added bicarbonate, a condition in which the rate of de novo synthe- 
gis is low in comparison to the rate of the enzymatic exchange reaction. 
Thus, as shown in Table V, upon addition of the citrovorum factor, the in- 
crease in incorporation of glycine into position 4 and formate into position 
§ was approximately the same in Experiments 30 and 31 and was equal on 
the average to 0.6 um. The increase in the incorporation of formate into 
position 2 was 5.6 um in Experiment 30 and 2.7 um in Experiment 31, ap- 
proximately 4 to 10 times greater than the increase in the other positions. 


Tant V 
Bffect of citrovorum Factor on Incorporation of Radioactive Substrates into Purines 
in Absence of Bicarbonate 
Stimulation of incorporation of 
| Radioactive substrate incorporated® |  *dloactive substrates into purine 
factor® 
— — Formate 
—- | Position 4 | Position 2 | Position 8 
| | | Position 2 Position 8 | 
— | 
0.5 3.48 0.99 | 
ee | 1.14 0.10 | 18 0.6 6.6 0.9 
0.22 2.35 0.36 
| O75 0.76 0.8 27 0.4 


All vessels contained 7.4 ma per liter of glycine, 7.4 mu per liter of formate, 3.0 
mu per liter of sodium inosinate. Bicarbonate omitted from the incubation me- 
dium and from the medium used for extract preparation. The concentration of 
the citrovorum factor, when indicated in the table, was 23 y per ml. 

* Inosinic acid isolated by Procedure I. All results expressed in terms of micro- 
noles of substrate incorporated into the carbon atoms of I mm of hypoxanthine com- 
pounds isolated. 


If the effect of the citrovorum factor had been only that of stimulation of 
de novo synthesis, the extra incorporation at position 2 would have been 
0.6 um instead of the much higher values observed. It is thus seen that 
the stimulation of the “enzymatic exchange” reaction of formate is prima- 
fly concerned under these conditions of reaction. This would be expected, 
since, in the absence of bicarbonate, the de novo synthesis of purine is rela- 
tively inconsequential both in the presence and absence of the citrovorum 
factor. 


DISCUSSION 


From the above observations and from experiments on the metabolism 
d 4-amino-5-imidazolecarboxamide previously reported (5), a tentative 
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working hypothesis has been formulated to explain the preferential | Inos 
incorporation of radioactive formate into position 2 of inosinic acid. The — 
mic 


experiments reported in this paper support the thesis that 4-amino-5-imida- 
zolecarboxamide ribotide derived metabolically by the breakdown of non- 
radioactive inosinic acid condenses with radioactive formate to form ino | bos 
sinic acid-2-C™ and that citrovorum factor may stimulate the incorporation | by B 
of formate in this position by acting as a transformylating cofactor. In | poun 
the scheme shown in Fig. 2, non-isotopic inosinic acid is cleaved at position Ex 
2, yielding 4-amino-5-imidazolecarboxamide ribotide and the “formylated” | the ¢ 


form of coenzyme F (the citrovorum factor). This formyl group is then | form: 
HC — + Fermi 
inosinic acid 
Formy! CoF + Hon Formyl CoF + HCOOH a 
formy 
NH; HN—C=0 for th 
+ + CoF 
N 2 1. 
4-amino-5- imidazole inosinic - taneot 
carboxamide ribotide the in 


Fia. 2. Possible reactions of formate and inosinic acid. CoF (coenzyme F) in- | an 
dicates 5,6,7,8-tetrahydrofolic acid; formyl CoF (citrovorum factor) indicates V 


formyl-5,6,7,8-tetrahydrofolic acid; * designates radioactive carbon. 2.7 


exchanged with radioactive formate, yielding radioactive formyl coenzyme depen 
F, which then recombines with 4-amino-5-imidazolecarboxamide ribotide | % eith 
with the formation of unformylated form of the citrovorum factor (coenzyme 
F) and inosinic acid labeled primarily in the 2 position. de now 

Although the above scheme is admittedly a working hypothesis, there reactio 
are several experimental facts which justify its postulation. In the first 
place it has been demonstrated in this paper that the preferential incorpo 
ration of radioactive formate into position 2 of the purine base occurs only 
after addition of inosinic acid to the incubation medium, indicating that | The 
this compound is the substrate of the reaction. The existence of one d § with m 
the postulated intermediates of reaction, 4-amino-5-imidazolecarboxamide | of Rese 
ribotide, has been substantiated from several independent lines of evidence. | spectro 
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Inosinic acid is an intermediate in the conversion of 4-amino-5-imidazole- 
carboxamide to hypoxanthine in pigeon liver and the units of ribose and 
te were added to the carboxamide prior to ring closure with for- 
mic acid (5). Experimental evidence for the isolation of the carboxamide 
riboside from the culture medium of Escherichia coli has been reported 
by Ben-Ishai, Bergmann, and Volcani (19) and by Greenberg (20), a com- 
pound which may arise by the removal of phosphate from the ribotide. 
Experimental evidence has been presented in this paper showing that 
the citrovorum factor may be involved specifically in the incorporation of 
formate into position 2 of inosinic acid. In Fig. 2 the citrovorum factor is 
represented as functioning in this reaction as a coenzyme which accepts 
and donates formyl] groups, as has been previously suggested by Shive (7). 
This hypothesis of the réle of the citrovorum factor in this system is tenta- 
tively held in view of the fact that the citrovorum factor contains a formyl 
group and thus might serve a function analogous to that of coenzyme A 
as an acceptor and donor of acetyl groups. Positive experimental dem- 
onstration of the participation of this formyl group in formylation reac- 
tions is needed, however, before acceptance of the above scheme. 
For our own convenience, we have used the name inosinic acid trans- 
formylase to designate the enzyme or enzyme system which is responsible 
for the incorporation of formate into position 2 of inosinic acid. 


1. When de novo synthesis of inosinic acid from glycine is either spon- 
taneously low or artificially reduced by the omission of bicarbonate from 
the incubation medium, it is possible to demonstrate a reaction designated 
as an “enzymatic exchange” in which radioactive formate is preferentially 
incorporated into position 2 of inosinic acid. 

2. This preferential incorporation of formate into the purine base is 
dependent on the addition of inosinic acid to the reaction vessel. Addition 
of either hypoxanthine or inosine is ineffective in this system. 

3. The citrovorum factor and, to a lesser extent, folic acid stimulate the 
de novo synthesis of inosinic acid from glycine and formate. When de novo 
reactions are severely limited, it is possible to demonstrate a specific action 
of the citrovorum factor on the “enzymatic exchange” of formate with 
position 2 of inosinic acid. 


The authors wish to thank Mrs. Xenia Maehly for her able assistance 
with many of the experiments, and the Committee on the Advancement 
of Research, University of Pennsylvania, for funds to purchase a Beckman 
spectrophotometer. 
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BIOSYNTHESIS OF THE PURINES 
IV. THE METABOLISM OF 4-AMINO-5-IMIDAZOLECARBOXAMIDE’ IN 
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(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsyleania, Philadelphia, Pennsylvania) 


(Received for publication, May 23, 1952) 


An amine isolated by Stetten and Fox (1) from cultures of Escherichia 
coli inhibited by sulfonamides has been identified as 4-amino-5-imidazole- 
carboxamide by Shive et al. (2) who suggested that this compound functions 
metabolically as a purine precursor. That it is in fact a purine precursor 
in animal systems was shown by tracer studies in pigeon liver homogenates 
(3) and in the intact rat (4). The carboxamide’ is also known to support 
the growth of certain microbiological systems in a manner similar to that 
of purines (5, 6), but there has been no direct demonstration that it func- 
tions as a purine precursor in microorganisms. Therefore tracer studies 
were undertaken on yeast to determine whether carboxamide is incorpo- 
rated into the purines of this organism. The data to be presented here 
show that carboxamide is utilized for purine synthesis by intact yeast cells 
and that soluble enzymes extracted from yeast catalyze the conversion of 
both carboxamide and hypoxanthine into inosinic acid. 

EXPERIMENTAL 

Experiments with Intact Celle A strain of Saccharomyces cerevisiae was 
grown in a medium containing glucose, ammonium sulfate, yeast extract, 
and inorganic salts. The cultures were incubated at 30° with stirring and 
aeration. Acid formed by the growing yeast was neutralized and glucose 
and ammonia were added during the growth period. Either heavy sus- 
pensions of freshly grown yeast or rapidly growing cultures were used. At 
the conclusion of each experiment the yeast cells were collected by centrifu- 
gation, and the yeast was suspended in 5 per cent trichloroacetic acid. 
Nucleotide adenine and nucleic acid adenine and guanine were isolated, 
respectively, from the extract and the protein precipitate by the methods 

* Aided by grants from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. CM was received on allocation from the Atomic 

t Fellow in Cancer Research of the American Cancer Society, 1950-52. 

' 4-Amino-5-imidazolecarboxamide will be referred to as the carboxamide. 
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outlined by Heinrich and Wilson (7), except that the adenine was purified 
by partition chromatography on a starch column with butanol-water ag 
the solvent (8). Guanine was purified by repeated recrystallization of 
the sulfate from sulfuric acid. The purity of the compounds isolated was 
determined spectrophotometrically in the Beckman model DU spectro. 
photometer. The concentration of carboxamide in the medium was de. 
termined by the Bratton-Marshall diazotization method (9). 

Carboxamide labeled with C in the 4 position was prepared by the 
method of Shaw and Woolley (10).“ Hypoxanthine similarly labeled with 
Cie was prepared by the method of Shaw (11).2 Glycine-1-C" and formic 
acid-C™ were obtained from Tracerlab, Inc. 

Experiments with Yeast Enzymes—The yeast enzyme solutions were pre 
pared by shaking suspensions of commercial bakers’ yeast with sand for 
3 hours at 4° and centrifuging the resulting extract at approximately 
100,000 X 9 for 30 minutes. The clear supernatant solution was used 
in the experiments reported here. The reaction system usually employed 
consisted of inosinic acid (20 ym), labeled carboxamide or hypoxanthine 
(15 um), sodium formate (75 um), and 3.5 ml. of enzyme solution in a volume 
of 5 ml. Other additions or variations in the components are noted in 
the text. The reaction vessels were incubated for 45 minutes at 38.5° 
unless otherwise noted. At the end of the incubation the reaction was 
stopped by heating the vessels in a boiling water bath for 5 minutes and the 
inosinic acid was isolated from the supernatant solution by ion exchange 
chromatography on Dowex 1 resin according to the procedures described 
by Cohn (12). The fraction containing inosinic acid was identified by s 
ratio of light extinction at 265 to 250 my of 0.45. Crystalline barium 
inosinate was isolated from the inosinic acid fraction of the effluent after 
the addition of unlabeled inosinic acid as carrier. Measurement was then 
made of the radioactivity of the crystalline compound so obtained. The 
dilution by carrier of labeled inosinic acid from the resin column could be 
readily calculated, since the quantity of carrier inosinic acid added was 
accurately known and the quantity of inosinic acid in the effluent from the 
resin column could be calculated from the light extinction at 250 my and 
from the molecular extinction coefficient of 12,300 (13). The specific ac 
tivity of the inosinic acid from the resin column before the addition of 
carrier could then be calculated from this dilution value and the specific 
activity of the final diluted inosinic acid. The specific activities reported 
in this paper were obtained in this manner. 

Inosine and hypoxanthine were isolated by partition chromatography on 
a starch column with butanol-water to develop the chromatogram (13). 


a We are indebted to Dr. Walter Brooks of this department for generous samples 
of radioactive and non-radioactive carboxamide and hypoxanthine. 
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For radioactivity measurements the compounds were plated on alu- 
minum plates and counted with a thin mica window Geiger counter. All 
samples were counted for a sufficient time to give a standard error of less 
than 5 per cent, and all counts were corrected for self-absorption to infinite 
thinness. Suitable contamination experiments were performed when they 
were indicated. 


Results 


Experiments with Intact Yeast Cells—In preliminary experiments non- 
labeled carboxamide was added to yeast suspensions and incubated at 30°. 
These experiments showed that the compound disappeared from the me- 
dium in significant amounts and at a linear rate for the first 2 hours. 
About 0.3 um of the compound disappeared per hour in a typical experi- 
ment. 

In order to determine whether the carboxamide was utilized for purine 
synthesis, this compound labeled with Ci“ in position 4 was incubated with 
ssuspension of 50 gm. of yeast in 200 ml. of medium. Sodium formate -C 
was added to a similar suspension of the same culture of yeast as a control. 
The suspensions were incubated for 4 hours at 30°. About 5 per cent of 
the carboxamide disappeared from the medium during the incubation pe- 
riod. The data in Table I show that radioactivity from the carboxamide 
was incorporated into the purines. Sonne ef al. (14) have shown that 2 mol- 
ecules of formate are involved in the synthesis of 1 molecule of purine from 
glycine. Therefore, in order to compare the amount of purine newly 
formed from either formate or carboxamide, the value for the incorpora- 
tion of labeled carbon from the formate should be divided by 2, since pre- 
sumably only 1 molecule of carboxamide is utilized in the synthesis of each 
purine molecule. For nucleotide adenine this calculation demonstrates a 
greater synthesis of purine from carboxamide than from formate. The 
incorporation of C into the nucleic acid purines in both these experi- 
ments was considerably less than into the nucleotide adenine (15). 
Since 50 gm. of yeast in 200 ml. of medium give a viscous suspension 
which is relatively quiescent in regard to growth, an experiment was per- 
formed on a growing yeast culture. An 8 liter culture was incubated for 
8 hours and three 2.5 liter aliquots were then incubated for 10 additional 
hours in the presence of the labeled intermediates noted in Table II. 
About 5 per cent of the carboxamide disappeared from the medium during 
the incubation period. Preliminary experiments had shown that the syn- 
thetic carboxamide was stable during aeration of the medium. 

The data of Table II show that CW from the carboxamide was incor- 
porated into the purines of yeast. It is interesting that the nucleotide 
adenine isolated after incubation of the yeast suspension with radioactive 
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carboxamide contained 1.5 times the radioactivity of the nucleotide adenine 
obtained from the growing yeast, while the nucleic acid purines of the 
growing yeast contained at least 3 times the radioactivity of the nucleic 
acid purines of the suspension. More nucleic acid purine is apparently 
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Taste I 
Comparison of Labeled Compounds As Purine Precursors in Yeast Suspensions 
Precursor added Radioactivity of isolated purines 
he Nucleic acid 
Labeled“ Noa - labeled ucleot ide ad — 
Adenine Guanine 
cpm. gerne | cpm. gerne | 6.9m. 
Carboxamide Formate 17.2 0. 40 1.1 
Formate 24. 6 0.67 0.89 


Either vessel contained 50 gm. of yeast suspended in 200 ml. of medium contain 
ing 1500 uu of formate and 300 um of carboxamide when indicated. Incubatic 
time, 4 hours; temperature, 30°. 

* All labeled materials had an initial specific activity of 1000 c.p.m. per au. 


II 
Comparison of Labeled Compounds As Purine Precursors in Rapidly Growing Yeas 
Cultures 
Precursor added Speciiic activity of isolated purines 
! Nucleic acid 
* Labeled* Non-labeled 
Adenine Guanine 
1 Carboxamide Formate + glycine 11.5 3.8 3.4 
2 Formate Glycine 190 194 139 
3 Glyeine Formate 131 64.0 53.1 


Concentration of all precursors, 1000 um per 2500 ml. of incubation volume. E 
perimental conditions described in the text. 
* All labeled materials had an initial specific activity of 1000 c.p.m. per um. 


formed from carboxamide in the rapidly growing system than in the su 
pension, whereas both the suspension and growing culture synthesize nv 
cleotide adenine at about the same rate. Comparison of the data obtained 
with formate-C in the suspension and growing culture demonstrates that 
here also relatively more C ia incorporated into the nucleic acid purine 
in the growing system. In contrast, however, to the yeast suspension 
the synthesis of purine compounds from the carboxamide was considerably 
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less than the synthesis from formate or glycine. The presence of glycine 
in the medium of the growing culture could possibly explain this difference. 
Glycine, however, does not inhibit the incorporation of radioactivity from 
Table III). 

Consideration of the data obtained with labeled glycine and labeled 
formate reveals that labeled carbon from these compounds was incorpo- 
rated into the purines of yeast. According to the work of Buchanan and 
coworkers (14, 16) formate and glycine should be incorporated into the 
purine molecule in the ratio of 2:1, provided that the intracellular specific 


Tank III 
Comparison of Labeled Compounds As Precursors of Inosinic Acid in Yeast Extracts 
Labeled compound“ Other additions — 
added) acid 
Carboxamide | Glycine + formate 5.6 73 
* Formate 5.0 60 
Hypoxanthine Glycine + formate 5.4 34 
Glycine Formate 3.7 | 1.5 
Formate Glycine 5.0 3.4 


When indicated, the incubated materials were present in the following concen- 
trations: carboxamide 15 au, hypoxanthine 15 us, glycine 113.5 um, formate 75 uu, 
inosinie acid 21.6 um, yeast extract 3.5 ml. in a total volume of 5 ml. Extract pre- 
pared by suspending 50 gm. of yeast in 100 ml. of buffer and by treatment as indi- 
cated in the text. 

* All labeled materials had an initial radioactivity of 1000 c.p.m. per uu. 


activities of these two compounds during incubation remain proportion- 
ately the same. The incorporation ratios here are 1.5, 3, and 2.6, values 
sufficiently close to 2. Further, degradation of the purines from the 
formate experiment showed that the radioactivity from the formate was 
equally distributed between carbons 2 and 8, and that all the radioactivity 
of the molecule could be accounted for in these 2 carbons. 

Experiments with Soluble Enzyme Systems of Feast The data in Table 
III show that labeled carboxamide and hypoxanthine are incorporated 
readily into inosinic acid in the soluble enzyme system obtained from yeast. 
The specific activities of the inosinic acid isolated from the vessels contain- 
ing labeled formate and glycine were much lower than those from the 
carboxamide or hypoxanthine vessels, indicating that de noro synthesis of 
inosinie acid from glycine and formate does not occur to an appreciable 
extent in this system, although synthesis of inosinic acid from hypoxanthine 
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and carboxamide is a significant reaction in the yeast extract. Carbox. 
amide was incorporated to a greater extent than hypoxanthine in this 
particular experiment, but commonly the incorporation of hypoxanthine 
exceeded that of carboxamide. 

Exact interpretation of the data from these experiments is complicated 
by the breakdown of inosinic acid during the incubation. Thus only 19 
to 25 per cent ot the inosinic acid added was recovered from the incubation 
vessels in the experiments noted in Table III, and in others the recovery 
ranged from 20 to 97 per cent. The relatively low recoveries of inosinic 
acid here were due partially to metabolic breakdown to hypoxanthine 
during incubation and partially to the fact that in purifying the inosinic 
acid prior to counting only those fractions eluted from the resin column 
with a ratio of light extinction at 265 and 250 my characteristic of inosinic 
acid were used. Fractions on either side of this acceptable fraction con- 
tained some inosinic acid and, since these fractions were discarded, some 
inosinic acid was inevitably lost. Thus although the total counts incorpo- 
rated into inosinic acid may not be accurately calculated, comparison of 
the specific activities of inosinic acid isolated from the various vessels 
provides a good index of the conversion of the labeled compounds to inosinie 
acid. 

It has been reported that in pigeon liver homogenates inosine ia an inte 
mediate in the conversion of hypoxanthine to inosinic acid (17), while 
inosine is not on the pathway from carboxamide to inosinic acid (13). 
In order to determine whether inosine participates in this yeast system as 
an intermediate in the synthesis of inosinie acid from carboxamide or 
hypoxanthine, labeled carboxamide and hypoxanthine were incubated with 
yeast extract in the presence of banks of inosine and inosinic acid, and the 
hypoxanthine, inosine, and inosinic acid were isolated and their specific 
activities compared. From the data in Table IV it appears that labeled 
carboxamide is incorporated into inosinic acid to a greater extent than into 
inosine, while labeled hypoxanthine is incorporated into inosine to a greater 
extent than into inosinic acid. Although similar experiments with radio 
active hypoxanthine have been interpreted as indicating that inosine is an 
intermediate in inosinic acid synthesis from hypoxanthine (17), recent work 
in this laboratory with pigeon liver enzymes suggests that the nucleotide is 
formed directly from the purine base without the intermediary formation 
of the nucleoside, inosine. 

Attempts to'fractionate the soluble enzyme system responsible for these 
reactions in yeast into separate enzymes have been limited by the insta- 
bility of the system. Thus the activity of the enzyme system decreased 
markedly by aging at 4°, lyophilization at room temperature, and ineube- 
tion in the presence of low concentrations of ethanol or ammonium sulfate. 
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However, it has been found that if the lyophilization apparatus is used in 
a room at —15° the enzyme system can be lyophilized without loss of 
activity. The utilization of this procedure has permitted precipitation of 


Tasie IV 


Comparison of Incorporation of Labeled 4-Amino-5-imidazolecarbozamide 
and Hypozanthine into Inosine and Inosinic Acid 


Labeled precursor® | — 
| — 
Carboxamide | 22.0 | 14.7 | 2.0 | 12.1 0.8 | 5.8 
o 8 0 0 23.0 6.8 17 
Hypoxanthine........ 22.0 98 | 3.0 | 1.3 | 920 | 48 8.6 
* bie — 0 0 23.0 | 14.8 17 


see “Experimental” for conditions of incubation. 3.5 mJ. of an extract prepared 
from 400 gm. of yeast suspended in 400 ml. of buffer. Incubation time, 20 minutes. 

»The carboxamide and hypoxanthine had an initial radioactivity of 1000 e. p. m. 
per uu. 


Taste V 


Synthesis of Inosinie Acid from Carbozamide and Hypozanthine by Yeast Enzymes 
after Precipitation by Alcohol; Effect of Boiled Juice 


Inosinic acid Specific activity 

Labeled precursor® Treatment of extract recovered — of — 

per pie 
Carboxamide 0 ! 6.3 45 
Hypoxanthine 0 K. 6.1 72 
Carboxamide : 50% ethanol ppt. + buffer | ee 11 
Hypoxanthine 0% “ * 8. 8 10 
Carboxamide 0% “ boiled 6.2 19 
Hypoxanthine 0% 7.0 31 


The system (see Experimental“) contained 3.5 ml. of extract, or ethanol pre- 
eipitate dissolved as noted in the table. Extract prepared from 400 gm. of yeast 
suspended in 400 ml. of buffer. 

»The carboxamide and hypoxanthine had an initial radioactivity of 1000 ¢.p.m. 
per uM. 


the enzymes with ethanol-low temperature techniques and subsequent re- 
moval of the solvent. 


The data in Table V show that by this procedure practically all of the 
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protein in the extract is precipitated from 50 per cent ethanol solution at 
—15° and that approximately 40 per cent of the original activity is re- 
covered. These data likewise indicate that some cofactor or cofactors in 
boiled juice are necessary for the maximal conversion of hypoxanthine to 
inosinic acid. The identification of these cofactors in the pigeon liver 
system has been reported as adenosinetriphosphate and ribose-5-phosphate 
(18). 


DISCUSSION 


The experiments reported above demonstrate that yeast suspensions 
which are not actively growing synthesize nucleic acid and nucleotide 
purines from 4-amino-5-imidazolecarboxamide and from formate (and pre- 
sumably glycine) at approximately the same rate. In the growing system 
the incorporation of the carboxamide into the nucleic acids is increased, but 
is considerably less than the utilization of either formate or glycine for the 
synthesis of these compounds. Thus, although these experiments demon- 
strate directly the utilization of carboxamide for purine synthesis in 
either the quiescent or growing state, it is evident that in the yeast cells 
the small carbon units are the preferred substrates when the demands of 
the system are great. In contrast, the nucleic acids of the rat may be re- 
placed to a considerable extent by the synthesis of new purines from the 
carboxamide. There is also a rapid conversion of this compound into 
nucleotide adenine and allantoin in the rat within a 3 day experimental 
period (4). Whether the penetration of carboxamide into the yeast cell 
or to the sites of nucleic acid synthesis within the cell is a limiting factor 
in its conversion to nucleic acids in the growing system is unknown. 

There is, however, little doubt of the existence in significant quantity 
of enzymes in yeast extracts which convert the carboxamide into its most 
closely related purine nucleotide, inosinic acid. From the experiments 
which have been reported it is probable that the mechanism of this conver- 
sion involves the addition of ribose and phosphate or their metabolic 
equivalents to form 4-amino-5-imidazolecarboxamide ribotide prior to ring 
closure with formic acid. It thus seems that the pathway of inosinic acid 
formation from carboxamide is identical both in yeast, a microorganism, 
and in pigeon liver, an animal system. It is also of interest that, in so far 
as a comparison can be made between experiments carried out under some- 
what different conditions, the order of magnitude of inosinic acid synthesis 
from carboxamide in yeast extracts is comparable to that in pigeon liver 
extracts. The synthesis of this ribotide in a microorganism from even a 
closely related purine precursor gives inosinic acid a more gencral impor- 
tance than might otherwise be accredited to it. The similarity of purine 
intermediates in the pigeon in both excretory processes and nucleic acid 
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guthesis is a point of fundamental importance. Thus, although the im- 

ce of inosinie acid as an intermediate of hypoxanthine (and hence 
yric acid) synthesis in pigeon liver has been well established (17), the réle 
of this important compound in the synthesis of the purines of the nucleic 
yids or free adenine nucleotide still remains to be demonstrated. We 
have as yet been unable to carry out the synthesis of adenine or guanine 
compounds from any of their immediate or distant precursors in extract 
systems. The demonstration of the formation of inosinic acid in yeast, a 
stem which does not use the formation of purine bases or their meta- 
bolic products as a method of excretion of nitrogen, would lend added 
importance to the possible involvement of this compound in the synthesis 
the structural and functional purines of the cell. 


1. A study has been made of the utilization of radioactive 4-amino-5- 
imidazolecarboxamide for the synthesis of nucleic acids and nucleotide 
adenine in yeast. 

2. Suspensions of yeast, relatively quiescent in regard to growth, in- 
corporate the carboxamide into purine compounds of yeast to about the 
same extent that formate is utilized. Rapidly dividing yeast cells likewise 
utilize the carboxamide for synthesis of purine compounds, but they prefer- 
entially utilize the small carbon and nitrogen units, glycine and formate, 
under these conditions. 

3. Cell-free extracts of yeast may synthesize inosinic acid from 4-amino- 
simidazolecarboxamide at an appreciable rate. The mechanism of the 
reaction is apparently the same as in pigeon liver and involves the forma- 
tion of the hypothetical 4-amino-5-imidazolecarboxamide ribotide and ring 
closure with formic acid. 

4. Hypoxanthine is also converted into inosinie acid in yeast extracts. 
Some factor or factors in the boiled juice of yeast are responsible for restor- 
ing the activity of yeast enzymes which are precipitated by alcohol and 
redissolved in buffer. 


The authors are indebted to Mr. Bruce Levenberg and Miss Haline 
Wasilejko for valuable technical assistance. 
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STUDIES ON THE METABOLISM OF 
1 ,2-PROPANEDIOL-1-PHOSPHATE* 


By O. NEAL MILLER, CLYDE G. HUGGINS, t AN KAZKO ARAI 


(From the Department of Biochemistry and Nutrition, University of Texas Medical 
Branch, Galveston, Tezas) 


(Received for publication, November 21, 1952) 


Hanzlik et al. (1) observed the glycogenic action of propylene glycol in 
rats, and Lindberg (2) has isolated its phosphorylated ester from sea urchin 
eggs. The latter worker has subsequently demonstrated the presence of 
|,2-propanediol phosphate (PDP) in other tissues (3). Rudney (4, 5) 
has suggested that PDP might be an intermediate in the conversion of 
scetone to “formate” and C: fragment, while Sakami and Lafaye (6) have 
suggested that PDP is an intermediate in the metabolism of acetone and 
a precursor of a 3-carbon compound of the glycolytic cycle. Reports from 
this laboratory have suggested an alternative pathway of 3-carbon com- 
pounds of the glycolytic cycle (7, 8). It appeared to us that PDP might 
be an intermediate in the alternative pathway suggested by experiments 
in which slices of heart ventricle anabolizing lactic acid were not inhibited 
by a concentration of fluoride sufficient to inhibit enolase. Further, it 
gecurred to us, in view of the recent observations of Harting (9), that PDP 
might react in the same enzyme systems that normally oxidize a-glycero- 
phosphate, provided the primary alcohol group is not essential for a-glycero- 
phosphate dehydrogenase activity. 

The work reported here demonstrates the oxidation of PDP by a-glycero- 
phosphate dehydrogenase and the removal of the end-product of this 
oxidation by a further oxidation by addition of a heart muscle extract (10). 
It has been found that a crystalline preparation of p-glyceraldehyde-3- 
phosphate dehydrogenase will replace the heart muscle extract. The data 
suggest a new series of reactions by which the carbon of PDP might be 
diverted into pyruvic acid of the glycolytic cycle. 


EXPERIMENTAL 


Enzyme Preparations—Glycerophosphate dehydrogenase was prepared 
from rabbit muscle extract by the method described by Baranowski (11). 


* This investigation was supported in part by a research grant (H-988) from the 
National Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

t Present address, Department of Biochemistry and Department of Medicine, 
Tulane University School of Medicine, New Orleans, Louisiana. 
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This enzyme was crystallized twice from ammonium sulfate solutions in 
the form of hexagonal bipyramids of myogen A. Myogen A has been 
demonstrated to possess both aldolase and glycerophosphate dehydrogenag 
activity (12). No attempt was made to separate the two enzyme activi. 
ties. For each experiment, crystals of myogen A were collected by centri. 
fugation (5°), twice resuspended in cold ammonium sulfate (the sam 
concentration as that used to salt out the myogen A crystals), and the 
protein collected again by centrifugation. The enzyme was then dissolved 
in 0.1 m phosphate buffer of pH 8.0 to make a 1 to 2 per cent solution. 

Heart muscle extract was prepared from an acetone powder of a water 
extract of calf heart ventricle. Acetone powder was rubbed into solution 
with small increments of 0.10 m phosphate buffer of pH 8.0. 1 ml. of buffer 
was used for each 60 mg. of acetone powder. The insoluble material was 
removed by high speed centrifugation. 

Crystalline p-glyceraldehyde-3-phosphate dehydrogenase was crystal. 
lized from rabbit muscle by the method described by Cori, Slein, and Cor 
(13). Diamond-shaped plate crystals were collected by centrifugation and 
dissolved in phosphate buffer (pH 8.0) to the final protein concentration 
of 0.1 to 0.2 per cent. 

Homogenates were prepared from fresh, chilled, rat liver in the Potter. 
Elvehjem homogenizer with 1 part of tissue to 9 parts of ice-cold buffer 
(pH 7.4) of the following composition (expressed in millimoles per liter): K 
140, Na 15, Mg 1.0, PO, 20, and Cl 136. 

Alkaline phosphatase was prepared from scrapings of a washed segment 
of rat intestinal mucosa. The scrapings were ground with sand and sus 
pended in Veronal buffer of pH 10. The supernatant solution was used in 
the experiments described below. 

Other Solutions and Substrates—Commercial preparations of a- o 
B-glycerophosphate were used without further purification by dissolving 
them in phosphate buffer (0.1 M, pH 8.0). Each isomer was found to be 
free of the other isomer and PDP by the paper chromatographic tech 
nique (14). 

DL-1 ,2-Propanediol-1-phosphate was prepared by a method described 
by Lindberg (3) but modified to the extent that impurities were removed 


with ion exchange resins. The L isomer of PDP was isolated from duck 
liver (15) and purified with ion exchange resins. 

A stock solution of diphosphopyridine nucleotide (DPN) (about 65 pe 
cent pure) was prepared by dissolving in water, adjusting to pH 6.0, and 
storing in the frozen state. An aliquot was taken and adjusted to pH 80 
before using in the assay system. 

Analytical Procedures—Phosphatase action on PDP was determined is 
a reaction mixture containing 2 ml. of alkaline phosphatase, 1 ml. d 
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1-propanediol phosphate (equivalent to 0.5 mg. of P), and 17 ml. of 
Veronal buffer (pH 10). The inorganic phosphate present in a 5 per cent 
trichloroacetic acid filtrate of the reaction mixture was determined (16) 
at zero time and at each 5 minute interval over a period of 40 minutes. 
The incubations were carried out in a water bath at 40°. 

Respiration of rat liver homogenates in the presence of bi- propylene 

glycol or t-PDP and in the absence of any added substrate was determined 
in the Warburg apparatus at 37° under an atmosphere of air. Control 
flasks were prepared containing 1 ml. of a 10 per cent homogenate and 
buffer to make 3.0 ml. in the main chamber with 0.2 ml. of KOH in the 
center well. When substrates were added, they replaced an equal volume 
of buffer. DI-Propylene glycol was initially present in the main chamber 
at a concentration of 10 mm per liter and L-propanediol phosphate at 5 
mu per liter. After 60 minutes, respiration was terminated by addition of 
0.2 ml. of 100 per cent trichlorcacetic acid and the keto acid production 
determined (17) on the protein-free filtrate. The manometric data have 
been calculated as microliters of O: consumed per gm. of wet tissue per 
hour. 
Spectrophotometric assay of PDP oxidation was performed in the Beck- 
man DU spectrophotometer by determining the appearance of reduced 
DPN as indicated by the increased absorption (340 mu) of the reaction 
mixture. The reaction mixture initially contained DPN (0.90 mm per 
liter), pL-propanediol phosphate (18 ma per liter), phosphate buffer of pH 
80 (100 mm per liter), and from 0.5 to 1.0 mg. of enzyme (myogen A). A 
cuvette containing DPN, buffer, and enzyme served as the control. The 
absorption of the substrates was determined and suitable corrections made. 
a-Glycerophosphate and 8-glycerophosphate were used in similar experi- 
ments at initial concentrations of 18 and 9 mm per liter respectively. 

Studies of electrophoretic homogencity were made on a solution of myo- 
gen A which was dialyzed against Veronal buffer (pH 8.0, ionic strength 
0.1). The electrophoretic measurements were made with an electric field 
of 56 to 62 volts and 10.5 ma. over a period of 5 hours at 1°. 


Results 


The unusual stability of the phosphate ester of pt-propylene glycol is 
demonstrated in Fig. 1. I- Propanediol phosphate withstood alkaline hy- 
drolysis (0.5 N) at 100° for 9 hours without liberation of any of the organic 
phosphate, and acid hydrolysis (5.0 n) liberated less than half of the organic 
phosphate during the same period of heating. In contrast, intestinal alka- 
line phosphatase liberated 90 per cent of the organic phosphate of PDP in 
40 minutes. 

It was desirable to determine whether the V form of PDP would stimulate 
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oxygen uptake of rat liver homogenates. It may be observed in Table I 
that pL-propylene glycol did not stimulate oxygen uptake or keto acid 
production, whereas its phosphorylated ester stimulated both keto acid 
accumulation and the oxygen consumption. These data suggest that car. 


Fic. 1. Per cent hydrolysis of pt-propanediol phosphate plotted against time in 
hours. 


TABLE I 
Effect of PDP and Propylene Glycol on Oxygen Consumption and Keto Acid Production 
of Rat Liver Homogenates* 
Substrate Oxygen uptake Net acid 
per hr. 
pl. per gm. per hr. 
—— h ˙ 662 + 38 (5) 13.1 | 7.0 
Propanediol phosphate, L form........... 854 + 44 (6) 64.0 385.03 
Propylene glycol.......................5. 602 + 35 (3) 13.0t 6.0 


* No stoichiometry between oxygen consumption and keto acid production could 
be expected, considering the high endogenous respiration and the inability to meas- 
ure the disappearance of the substrate. 

Number of experiments. 

t 12.4 + of keto acid added with substrate. 


bon from PDP was converted into a keto acid, probably pyruvate, and 
hence entered into the glycolytic cycle and subsequently into the tricarbox- 
ylic acid cycle. 

In a preliminary experiment in which the spectrophotometric procedure 
was used, it was found that both a-glycerophosphate and pL-propanediol 
phosphate were oxidized by myogen A in the presence of DPN, although 
B-glycerophosphate was not oxidized. This observation suggested that 
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carbon atom 2 of a-glycerophosphate and PDP is the site of oxidation. 
It is known that the oxidation product of a-glycerophosphate is dihydroxy- 
acetone phosphate (18) and one might assume that the oxidation product 
of PDP is monohydroxyacetone phosphate (acetol phosphate). Since equi- 
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Fic. 2. Optical density (due to DPNH) plotted against time in minutes. Curves 
A, B, and C resulted when a-glycerophosphate, pi-propanediol phosphate, and 
§-glycerophosphate, respectively, were used as substrate. See the text for experi- 
mental details. 
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Fid. 3. Optical density (due to DPNH) plotted against time in minutes. i- Pro- 
panediol phosphate was the substrate. See the text for experimental details. 


librium conditions are soon established (Fig. 2) when either a-glycerophos- 
phate or PDP is used as substrate, it was thought possible that further 
oxidation of PDP or its oxidation product might be produced by addition 
of a second enzyme system. Heart muscle enzymes were added to an 
equilibrium mixture of PDP (see Fig. 2) and its oxidation product and the 
initial reaction rate was reestablished. 

The addition of heart enzymes certainly indicates removal of the initial 
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oxidation product of PDP, and further it seemed probable that mono 
hydroxyacetone phosphate (a proposed intermediate) would not oxidige 
without prior rearrangement by isomerase action. To test this hypo 
thesis p-glyceraldehyde-3-phosphate dehydrogenase was substituted for the 
heart muscle enzymes in the belief that the second stage of oxidation would 
not be observed owing to the lack of isomerase. Contrary to our expecta. 
tion, the addition of this crystalline enzyme preparation to an equilibrium 
mixture of PDP and its oxidation product resulted in a further oxidation 
(see Fig. 3). These data suggest the presence of isomerase in one or both 
of the crystalline enzyme preparations. When myogen A was added toa 
reaction mixture containing a-glycerophosphate, rapid oxidation to dihy- 
droxyacetone phosphate (18) took place and equilibrium was established 


1 MVOGEN A ADDED 
2. D-GLYCERALOEHYDE - 3- PHOSPHATE 
DEHVOROGENASE ADDED 


30 60 
IN MINUTES 
Fic. 4. Optical density (due to DPNH) plotted against time in minutes. a-Glye- 
erophosphate was the substrate. See the text for experimental details. 


in 4 or 5 minutes (Curve A, Fig. 4). After 20 minutes the p-glyceralde- 
hyde-3-phosphate dehydrogenase was added to the cuvette and oxidation 
was resumed, but at a slower rate, suggesting that isomerase had converted 
dibydroxyacetone phosphate to 3-phosphoglyceraldehyde which subee- 
quently was oxidized by glyceraldehyde-3-phosphate dehydrogenase. The 
reaction mixture from this experiment was deproteinized by adding abso- 
lute alcohol to make a final concentration of 80 per cent. The protein was 
removed by centrifugation and the alcohol removed from the supernatant 
fluid by mild heat treatment under a stream of air. The supernatant solv- 
tion was treated with Dowex 50 to remove the cations, after which it was 
further concentrated to 0.5 ml. When this material was submitted to 
two-dimensional paper chromatography (14), 3-phosphoglyceric acid was 
detected. This would appear to establish definitely the presence of isom- 
erase in a system containing the two crystalline enzymes. Curve B (Fig 
4) represents a typical experiment in which the crystalline enzymes wer 
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added in reverse order. ilyceraldehyde-3-phosphate dehydrogenase 
showed little or no activity with a-glycerophosphate as substrate, which 
demonstrates the latter’s freedom from possible contamination with glycer- 
aldehyde-3-phosphate. 

Myogen A has been demonstrated by others to contain at least two 
enzyme activities and it was thought possible that this crystalline material 
might also contain isomerase as well as aldolase and a-glycerophosphate 
dehydrogenase. The electrophoretic pattern shown in Fig. 5 suggests at 


Fic. 5. Electrophoretic pattern of twice crystallized myogen A. See the text for 
experimental details. 


least three components. No attempt has been made to associate a partic- 
ular component with a specific enzyme activity, although it is conceivable 
that the third component is isomerase. 


DISCUSSION 


The data presented demonstrate the oxidation of 1,2-propanediol-1- 
phosphate in enzyme systems containing crystalline myogen A and heart 
muscle extract or crystalline p-glyceraldehyde-3-phosphate dehydrogenase. 
a-Glycerophosphate dehydrogenase (component of myogen A) does not 
react with the B-isomer of glycerophosphate. Assuming that it is respon- 
sible for the oxidation of PDP, the secondary alcohol group is oxidized to 
a carbonyl group to give monohydroxyacetone phosphate (see Reaction 1). 


CH ,CHOHCH.OPO,;H, + DPN* — CH,COCH,OPO,H, + DPNH + H* (1) 


.. 
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The presence of triose isomerase in these systems has been demonstrated 
and it is conceivable that monohydroxyacetone phosphate is isomerized to 
lactaldehyde phosphate (Reaction 2). 


CH, OO, H. erase CH,CHOHCHOHOPO,H: (2) 


(hydrated form) 


The possibility that triose isomerase reacts with carbons 2 and 3 rather 
than with carbons | and 2 was considered, and it will be observed that the 
former action would result in the formation of a-glycerophosphate which 
is rapidly oxidized by the myogen A preparation at a rate some 10 times 
faster than that of PDP. If a-glycerophosphate were the end-product of 
isomerase activity on monohydroxyacetone phosphate, it is unlikely that 
an equilibrium could have been established (Fig. 3). The end-product of 
Reaction 2 is apparently oxidized by p-glyceraldehyde-3-phosphate dehy- 
drogenase. This breach in specificity appears to be analogous to the oxida- 
tion of acetaldehyde by this enzyme, as reported by Harting (9). 
Reaction 3 describes the suggested oxidation catalyzed by p-glyceralde- 
hyde-3-phosphate dehydrogenase. It might be expected that the sug- 
gested product, lactyl phosphate, would have a high energy bond. 


CH, CHOHCHOHOPO;H; + DPN* — 
CH ,CHOHCOOPO,H, + DPNH + (3) 


The reactions suggested in the present report appear to explain observa- 
tions made in several laboratories. Lindberg (3) observed in the intact 
rat that phosphate from P®-labeled propanediol phosphate appeared in 
adenosinetriphosphate more rapidly than P® from the inorganic phosphate 
pool. Furthermore, it has been observed that a considerable portion of 
carboxyl-labeled acetone is incorporated into glycogen in the liver of the 
intact rat without prior splitting into C and ( fragments (5, 6). During 
the preparation of this manuscript a report which included interesting 
data on the anaerobic metabolism of pyruvate by tumor homogenates ap- 
peared (19). Although lactate comprised the main portion of the pyru- 
vate that disappeared from tumor homogenates under anaerobic condi- 
tions, pyruvate disappeared to some other compound. Using C'-labeled 
pyruvate in their experiments, Groth et al. (19) added a carrier amount of 
propanediol phosphate and isolated the C-labeled propanediol phosphate. 
In addition they have found another compound, probably acetol phos- 
phate (monohydroxyacetone phosphate), which accounts for some of the 
pyruvate not included in the lactate and propanediol phosphate fractions. 
Groth et al. (19) further postulate that phosphorylation of the carboxyl 
group of pyruvate occurs prior to its reduction. In the light of the ex- 
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periments reported here it would seem probable that pyruvate is first re- 
duced to lactic acid and the carboxyl group of lactic acid phosphorylated. 
The reactions suggested in this report are being studied in more detail. 


The authors are indebted to Mr. J. F. Albright of the Tissue Metabo- 
lism Research Laboratory for his assistance in making electrophoretic 
studies. 


SUMMARY 


The oxidation of 1, 2-propanediol-I-phosphate (PDP) by a crystalline 
preparation of rabbit muscle enzymes known to contain aldolase and a- 
glycerophosphate dehydrogenase (myogen A) has been demonstrated. The 
end-product of this oxidation, after isomerization, is further oxidized either 
by an extract of heart ventricle or by crystalline p-glyceraldehyde-3-phos- 
phate dehydrogenase. 

A series of reactions has been suggested whereby PDP is converted to 
pyruvate and the evidence for such reactions presented. 
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STUDIES ON THE PATHWAY OF PROTEIN SYNTHESIS IN 
TISSUE CULTURE“ 


Br M. DAVID FRANCISt ann THEODORE WINNICK 


(From the Department of Biochemistry and the Radiation Research Laboratory, State 
University of Iowa, College of Medicine, Iowa City, Iowa) 


(Received for publication, October 17, 1952) 


Studies such as those of Davidson, Leslie, and Waymouth (1) have 
shown that an extract of whole chick embryos is as adequate for support- 
ing the growth of heart fibroblasts in vitro as the more complex media 
used by most other investigators. This embryonic extract (EE), as pre- 
pared by Gerarde, Jones, and Winnick (2), contains approximately 400 
mg. of protein and 200 mg. of amino acids (plus peptides) per 100 ml. 
Experiments with ultrafiltrates (3) suggest that both protein and non- 
protein fractions possess growth-promoting properties. 

In the present paper, a quantitative balance study was undertaken to 
determine to what degrees the protein and amino acid components of EE 
contributed to the formation of protein in embryonic heart tissue cul- 
tures. Also, comparisons have been made of the modes of utilization of 
free and of protein-bound C-labeled amino acids. For the latter type of 
experiment, isotopic amino acids were injected into fertile eggs and labeled 
embryo extracts subsequently prepared, in which nearly all of the CW was 
in protein combination. The influence of such factors as dinitrophenol 
(DNP), large concentrations of non-isotopic amino acids, and amino acid 
analogues was studied in order to determine whether the utilization of EE 
protein for growth involved the liberation of component-labeled amino 
acids. 


Materials and Methods 


Labeled Amino Acids—These were obtained from Tracerlab, Inc., Bos- 
ton, on allocation from the United States Atomic Energy Commission. 
They were pL-alanine-1-C", pi-methionine-2-C", pi-phenylalanine-3-C", 
aud lysine-2-C", with specific activities of 0.46, 0.42, 0.50, and 0.31 me. 
per mM, respectively. Each compound was standardized by diluting a 
suitable aliquot with 1000 parts of non-isotopic amino acid, recrystallizing, 


Aided by « grant from the Iowa Division of the American Cancer Society. 

t Predoctoral Fellow of the United States Public Health Service. The data of 
this paper are taken from the dissertation submitted by Marion David Francis in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Biochemistry at the University of Iowa in September, 1952. 
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274 PATHWAY OF PROTEIN SYNTHESIS 
and measuring the specific activity in counts per minute per mg. The 
last value was then multiplied by 1000. 

Amino Acid Analogues—These were pi-ethionine, 0-fluoro-pL-phenyl- 
alanine,’ and £-3-thieny]-DL-alanine.? 

Preparation of Media Double distilled water was employed in prepar- 
ing Gey's, Tyrode’s, and glucosol solutions. These were sterilized by fil. 
tration through UF-Pyrex sintered glass filters“ into 250 ml. plasma-Vae 
bottles (Baxter Laboratories). The following modifications were intro- 
duced into the procedure previously used (2) in preparing 50 per cent EE: 
(a) 11 to 12 day-old embryos (instead of 10 day-old) were used, and with- 
out decapitation. These larger embryos provided more material without 
any reduction in quality. (b) After being homogenized with Tyrode’s 
solution, the homogenate was stored at —20° and not thawed and centri- 
fuged until it was used. (c) 20 mg. of phenol red (instead of 5 mg.) were 
used per liter of Tyrode’s solution to provide a deeper indicator color. (d) 
No antibiotics were employed. 

Addition of Various Compounds to Media- Sterile solutions of C'-amino 
acids, non-isotopic amino acids, analogues, and DNP were added in de- 
sired quantities directly to 50 per cent EE. Sufficient Tyrode’s solution 
was then added to bring the EE concentration to 25 per cent. 

Preparation of Labeled Embryo Extract Containing Protein-Bound CM. 
Amino Acids—4 day-old fertile hen’s eggs were employed. A small rotary 
drill was used to cut a tiny hole into the shell at the narrow end, without 
penetrating the membrane. This region was lightly swabbed with tine- 
ture of iodine. 0.1 ml. of a solution of a labeled amino acid (usually 3 to 
4 mg. per ml.) was injected with a 1 ml. hypodermic syringe fitted with a 
No. 27 needle. The puncture was immediately sealed with wax. After 
an additional 8 days of incubation, the eggs were harvested for the prep- 
aration of EE in the usual manner. The labeled EE was diluted with 1 
to 2 parts of ordinary EE, except in certain double labeling experiments 
(in which a solution containing two different (amino acids was injected 
into the eggs). In these cases a high specific activity was required in con- 
nection with subsequent chromatographic analyses. About 2 to 4 per 
cent of the C injected into eggs was recovered in the (soluble) protein of 
the EE. 

Cultivation of Heart Tissue The following modifications were made in 
the previously employed method (2): (a) 13 to 14 day-old hearts were used 


1 Kindly supplied by Dr. M. D. Armstrong, University of Utah. 

Provided by Dr. K. Dittmer, Florida State University, and Dr. H. G. Day, 
Indiana University. 

These filters were cleaned with concentrated HNO,, and then washed exhaus- 
tively with hot and then cold water. 
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(instead of 12 day-old) to provide more tissue per tube (40 to 70 mg.). (b) 
Tissues were not blotted or weighed immediately after mineing because, 
as will be explained, a new method of weighing after explantation was used. 
(c) Immediately after the minced tissue was rinsed with 0.3 ml. of Gey’s 
solution, 0.3 ml. of diluted plasma‘ was added to each tube and the frag- 
ments were distributed on the walls. (d) In experiments in which the 
weight of explanted tissue was desired, tubes were allowed to stand (capped) 
for 2 to 4 hours. Otherwise a clotting period of 30 minutes was adequate. 
(e) After quantitative removal of the clots, tubes were weighed to within 
0.1 mg. (if the initial weight of tissue was required).“ 2 ml. of EE were 
then added to each tube, and the latter placed in the roller apparatus 
at 37°. 

The chief advantage of weighing after explantation was that tissue débris 
was not included, since it was removed in the plasma clot. The explanted 
tissue fragments retained more than an equal weight of water, but the 
presence of this liquid had no adverse effect upon the measurement of 
initial protein and nucleic acid contents. These zero time values were de- 
termined with three or four tubes taken from each series. 

Isolation of Protein—The method was that used in previous work (2), 
except that, after extraction of lipides, the nucleic acids were removed 
from the protein by heating with 3 ml. of 5 per cent trichloroacetic acid 
(TCA) for 12 minutes at 100°. The original TCA supernatant solution 
and first washing were combined for determination of nucleic acid phos- 
phorus or C. The radioactivity of protein samples was measured as 
previously described (2), and generally expressed as micrograms of labeled 
amino acid per mg. of protein.“ Each experimental point on the various 
graphs represents protein from either two or three pooled culture tubes. 

Hydrolysis of Proteins and Chromatographic Separation of Radioactive 
Amino Acids In experiments involving double labeling of the EE, the 
isolated proteins were hydrolyzed according to Stein and Moore (4), and 
aliquots of the hydrolysates, representing 5 mg. of protein, were subjected 
to starch column chromatography (5). Automatic collection of the elu- 
ates (in 0.5 ml. fractions) was performed only in the peak regions of radio- 


‘ Lyophilized chicken plasma (Difco) was used. After being reconstituted with 
the specified quantity of water, the plasma was diluted with 1 volume of 2.5 per cent 
sodium citrate and stored in the refrigerator (for as long as 2 months). Prior to use, 
the solution was further diluted with 4 volumes of glucosol. 

The gramatic balance (Fisher Scientific Company) permitted rapid, accurate 
weighing, and, furthermore, tubes could be moved in on one and out the other side 
of the balance, base first. This lessened the scooping of air into the open tubes. 

The data in this study and in an earlier one (2) show that labeled phenylalanine, 
methionine, and alanine do not give rise to major quantities of secondary amino acid 
in tissue cultures. 
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active amino acids. The change from 1:2:1 propanol-butanol-0.1 n HC] 
to 2:1 propanol-0.5 n HCl was made at 75 ml. The methods of evapora- 
tion, plating, and counting of the eluate fractions have been described (2). 
An automatic sample changer and printing recorder (Tracerlab) facilitated 
prolonged counting of weaker samples, so that the probable error was gen- 
erally 3 to 5 per cent. 

Balance Study—The protein from either 4 or 6 ml. of EE was quantita- 
tively isolated by the method already cited, and weighed to within an ac- 
curacy of 2 per cent. To the combined TCA supernatant solution and 
first washing from the EE protein was added sufficient concentrated HC) 
to give a 2 N concentration. The solution was autoclaved for 4 hours at 
12 pounds pressure in a sealed tube. It was then neutralized with alkali, 
diluted to 50 ml. with water, and 0.2 ml. aliquots were treated with 1 ml. 
of ninhydrin reagent for colorimetric analysis (6). The optical densities 
were converted to corresponding micrograms of amino acids by reference 
to a standard curve based upon hydrolyzed embryo extract protein. The 
latter had the same chromogenic value as crystalline bovine plasma al- 
bumin. The protein and total amino acid content of heart cultures was 
determined as with EE, the pooled tissue of two or three tubes being used. 

Distribution of C in Labeled Embryo Extracts—Besides measuring the 
specific radioactivity of isolated protein, the relatively small proportion of 
Ci present in the non-protein fractions of singly labeled EE preparations 
was determined by subjecting the hydrolyzed TCA supernatant solution 
(plus the first washing) to carrier analysis. A known quantity of the cor- 
rect non-isotopic amino acid was added to this solution and then reisolated, 
recrystallized twice, and its specific activity measured. This value, multi- 
plied by the total weight of carrier employed, gave the total counts of C 
due to the isotopic amino acid present in the EE. 


RESULTS AND DISCUSSION 


Protein and Amino Acid Balance in Tissue Culture System Most of the 
cultivation experiments in the present work were not extended beyond 6 
to 8 days. This is the period of rapid cellular proliferation, as judged by 
microscopic observation and by measurements of nucleic acid content (l, 
7, 8). In prolonged cultivations there is an extensive accumulation of ex- 
tracellular protein akin to collagen (9). 

Preliminary experiments showed that no proteolysis resulted when EE 
was incubated at 37° in the absence of heart tissue. But in the complete 
system a progressive decline occurred in both the protein and amino acid 
concentrations of the EE. Table I shows that these losses account fairly 
well for the observed increases in tissue protein content for the different 
time intervals. The amino acids of the heart tissue were of secondary im- 
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portance in the calculations because of the relatively high protein to amino 
acid ratio in heart, as compared to EE. Examination of Column 4 reveals 
a steady decline in the relative contribution by total amino acids, while 
Column 5 shows a proportional rise in the utilization of EE protein. Thus, 
in the 4 to 6 and the 6 to 8 day intervals, more than half of the tissue pro- 
tein was derived from protein of the EE. One factor which influences the 


I 
Amino Acid and Protein Balance of Embryo Extract and Heart Tissue after Varying 
Periods of Time 

For each time interval, the tissue of two or three culture tubes and corresponding 
{or 6 ml. of EE were pooled separately for analysis. The same stock solution of 
EE was used in the second, third, and fourth experiments. The values in paren- 
theses include a correction for the increase in amino acid content of the heart tissue 
(0.03 to 0.05 mg. per tube per 2 days). 


Loss in 
Time period | per "of EE |’ cx * in x 100 
heart protein r 
(1) (2) (3) (4) (S) (6) 
mg mg. me. 
initially....... 3.30 7.20 4.50 
u 3 days 3.26, 7.1 4. 
Change. —0.24) 0.02 +0. 80 (67) 7 (6) 87 (73) 
an.. | 3. 6. 3.87 
Change . —0. ＋0. 53 75 (71) 38 (36) 113 (107) 
At 4 days. 3. — 6. 4.45 
9 2. 76 6. 5. 35 
Change —0. — 0. ＋ 0.90 56 (53) 58 (55) 114 (108) 
At 6 days 3.2 6.92, 5.20 | 
2.81 6.25 6.35 | 


Change 0. 0.67 71.15 30 (0 38 (56) 97 (96) 


—U— — — — — — 


interpretation of the 0 to 3 day values is an apparent release of cellular 
protein into the medium. This release was observed by maintaining 
freshly explanted tissue initially in Tyrode's solution and appears to re- 
flect damage to the tissue incident to the mincing and explantation pro- 
cedure. It would have the effect of diminishing the observed net changes 
in protein in the complete tissue culture system. 

There was no net increase in the peptide content of the EE during cul- 
tivation, as judged by comparative amino acid analyses performed on 
hydrolyzed and unhydrolyzed non-protein fractions.? On the contrary, 


Increases in ninhydrin color values were obtained upon hydrolysis of TCA 
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the proportion of conjugated amino acids appeared to decrease. This ef. 
fect was most marked during the first 2 or 3 days. 

The deviations of the figures in Column 5, Table I, from 100 per cent 
reflect certain of the difficulties inherent in the measurements. The errors 
are greatest in the initial stage of cultivation, probably due to irregularities 
caused by the injury during explantation, as already mentioned. 

Utilization of CM. Labeled Embryo Extrucis A pertinent question is wheth- 
er bound isotopic amino acids are released from EE protein prior to being 
incorporated into heart tissue protein or whether these labeled compounds 
can be utilized at a conjugated level. One approach was the use of rela- 
tively large concentrations of non-labeled amino acids added to the media 
as traps.“ These were intended to dilute radioactive amino acids re- 
leased from EE protein isotopically to an extent sufficient to lead to mark- 
edly lowered specific activities in heart protein. 

It was important to show first that the C. in the labeled EE prepara- 
tions was chiefly in protein-bound form. Table II indicates that, follow- 
ing the injection of different concentrations of this compound into two 
different batches of fertile eggs, 92 per cent of the labeled phenylalanine in 
embryonic tissue was present in protein combination. Essentially the 
same distribution ratio in protein and non-protein was obtained when CM. 
methionine was employed. 

In Fig. 1 it may be seen that, in the absence of traps, the specific activity 
of the tissue protein was more than 50 per cent that of the original EE 
protein in 6 days, in both methionine and phenylalanine experiments. In 
other longer term experiments, the upper curves tended to become asymp- 
totic with the CM levels of the EE proteins. Thus at 8 days heart protein 
was found to be 70 per cent as active as phenylalanine-labeled EE protein. 

The effect of the added non-isotopic amino acids was to reduce the Ci 
concentration of heart protein by about 25 per cent (average for the 2, 
4, and 6 day intervals) with methionine, and less than 20 per cent with 
phenylalanine-labeled protein. In other experiments in which 3 X 10 
free labeled phenylalanine“ was present in the EE, it was found that the 
addition of 3 X 10- M non-isotopic phenylalanine depressed the rate of C 
uptake by more than 75 per cent. Accordingly, comparable degrees of 
lowering should have been caused by the 5 X 10 M phenylalanine and 3.5 


supernatant fluids, but the concentrations of free amino acids and peptides could not 
be calculated by this method. Accurate measurements of peptide content by the 
Van Slyke ninhydrin decarboxylation method are in progress. 

*Some uncertainty exists concerning the true phenylalanine concentrations, 
particularly at the lower level, since the added labeled amino acid mixed with phenyl 
alanine presumably present naturally in the EE. The same type of consideration 
holds for the other C'*-amino acids employed in the present work. 
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J 10-* m methionine traps in Fig. 1, if the incorporation process were de- 
pendent upon the release of free labeled phenylalanine from EE protein. 
However, a complicating consideration is that these labeled amino acids 


Tast II 


Distribution of C™ between Protein and Non Protein Phasea of Embryo Extract 
Labeled with Phenylalanine-3-C"™ 
Content of radioactive amino acid, micrograms per 100 ml. of EE. 


Protein | Supernatant from pptn. of protein 


49.5 | 4.3 
27.8 | 2.5 
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LABELED METHIONINE NO META- 
BOUND IN PROTEIN BOLIC TRAP 


METHIONINE / 
—— 
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— id PROTEIN 
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2 
2 


GM. METHIONINE 
MG. PROTEIN 
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° 


100 MG. 
PHENYLALANINE / 
100 ML. MEDIUM 


1 


PHENYLALANINE 
MG. 


4 6 


TIME OF INCUBATION (DAYS) 

Fia. 1. The effect of ‘‘metabolic traps’’ on the transfer of labeled amino acids from 
protein of EE to protein of heart cultures. The EE proteins labeled with methionine 
and with phenylalanine had specific radioactivities gas to 0.105 and 0.140 
7 of labeled amino acid per mg. of protein, 


O 
O 


may have been attached to enzymes, or may be in phosphorylated form, 
and hence may not have equilibrated readily with the traps. It is also 
possible that the added non-isotopic amino acids may have depressed in- 
corporation of C Amino acids in an indirect manner. Levels higher than 
100 mg. per 100 ml. damaged the cultures, particularly when pL- instead 
of t-methionine was used. 

In other experiments designed to examine the mode of utilization of EE 
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protein, the technique of labeling with two different amino acids was used. 
If the CM ratio for these amino acids were the same in the cultivated heart 
protein as in the original EE protein, this would suggest that the latter 
had not undergone complete degradation. For if the amino acids were 
released, they might be expected to mix with existing metabolic pools 
(quite possibly of different sizes), and to be incorporated in an altered ratio. 
Or in the light of Anfinsen and Steinberg’s work (10), two types of protein 
fragments, each containing a different labeled amino acid, might be util- 
ized to different degrees. 
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Fic. 2. Transfer of radioactive phenylalanine and methionine from protein of 
EE to protein of heart tissue cultures. Left chromatogram, hydrolyzed protein 
of original EE; center chromatogram, heart cultivated 8 days in the doubly labeled 
EE and tissues of six tubes pooled for isolation of protein; right chromatogram, the 
same as the center, except that 50 mg. of non-isotopic L-phenylalanine were present 
per 100 ml. of the EE during cultivation. 


Fig. 2 gives the results of experiments in which EE protein labeled with 
both phenylalanine and methionine was used in the presence and in the 
absence of L-phenylalanine trap. These two amino acids were found (by 
chromatography) to occur in approximately equal proportions in heart 
protein, namely 4.4 and 4.2 per cent for phenylalanine and methionine, re- 
- gpectively. The chromatographic peaks are interpreted in Table III. It 
may be calculated from Column 1, Table III, that the heart protein, grown 
in the absence of phenylalanine trap, had 68 per cent of the specific activity 
of the original EE protein, while in the presence of non-isotopic phenyl 
alanine heart protein was 47 per cent as active as EE protein. The trap 
therefore caused a 32 per cent depression of C utilization. This depres 
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sion can be ascribed mainly to decreased CiC phenylalanine incorporation, 
since the trap lowered the counts of C in the phenylalanine peak of heart 
protein by 40 per cent (calculated from Column 3), while the correspond- 


ing decrease in the methionine peak was 22 per cent (Column 5). The 


somewhat greater effect of the trap on labeled phenylalanine utilization, as 
compared with the result cited in Fig. 1, is probably due to the longer dura- 
tion of the double labeling experiment. In Column 8, Table III, the 
phenylalanine to methionine ratio in heart protein (cultivated without 
trap) was 19 per cent lower than in the EE protein. There was a further 
24 per cent lowering of the ratio caused by the phenylalanine trap. 


TanL III 
Summary of Double Labeling Experiment with Phenylalanine and Methionine 


Phenylalanine Methionine Per cent 
peak peak of Ratio 
phenylal- 
C.p.m. per cent C. pm. Per cent C. per cent caine methionine- 
total .| total .| total cu 
protein] |'proten| | methionine 


(1) (2) (3) (4) (S) (6) (7) (8) 


—— — — — — — — — 


Original embryo ex- 91.2 | (100) 53.0 | 58.2 | 31.8 | 34.9 93.1 1.67 
tract 
Heart cultivated with- | 62.6 | (100) 32.6 | 52.1 | 24.0 | 38.3 90.4 1.36 
out metabolic trap 
Heart cultivated with | 42.5 | (100) 19.4 | 45.7 | 18.7 | 44.0 | 989.7 1.04 
50 mg. 1-phenylala - 
nine per 100 ml. me- 
dium 


Table IV gives the results of a double labeling experiment with phenyl- 
alanine and lysine (present to the extent of 4.6 per cent in heart protein). 
In Column 1, the efficiency of Ci transfer from EE to heart protein (with- 
out trap) was 54 per cent. This figure is comparable to those previously 
cited, since the duration of the phenylalanine-lysine experiment was only 
5days. The 50 and 100 mg. phenylalanine traps lowered the radioactivity 
of the heart protein by 21 and 25 per cent (Column 1), and that in the 
phenylalanine peak by 31 and 29 per cent (Column 3), respectively. The 
corresponding lowerings in per cent produced in the lysine peak were 15 
and 13 (Column 5). In Column 8 it is seen that the phenylalanine to 
lysine ratio increased in heart tissue as compared to the original EE pro- 
tein, whereas a corresponding decrease occurred in the phenylalanine to 
methionine ratio in Table III. The 50 and 100 mg. traps lowered the C. 
ratio to essentially the same extent, 17 and 18 per cent, respectively. 

In general the results in Tables III and IV are in good accord. In con- 
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sidering the utilization of the doubly labeled EE proteins, labeled methi- 
onine was incorporated most readily into heart protein, phenylalanine was 
next, and lysine was incorporated to the least extent. The partial effec- 
tiveness of the traps suggests a limited liberation of free labeled amino acids 
from the EE protein. The initial change in the labeled phenylalanine to 
methionine, and phenylalanine to lysine ratios of heart, as compared to 
EE protein, indicates that some realignment of protein fragments may 
also have occurred. In this connection it is possible that heart and EE 
proteins may differ in their (average) amino acid composition. 


IV 
Summary of Double Labeling Experiment with Phenylalanine and Lysine 
Phenylalanine _—Lysine 
— peak | peak recovery d Ratio of 
C™ |proteln| C™ |protem| cu | ‘sine 
Original embryo ex- | 167 (100) 84.5 | 50.6 61.9 37.0 87.6 | 1.36 
tract 
Heart cultivated with- 90. 1 (100) 62.0 | 68.8 27.6 | 30.6 99.4 2.25 
out metabolic trap 
Heart cultivated with 71.6 (100) 43.0 | 60.4 23.1 | 32.3 92.7 1.86 
50 mg. 1-phenylala - | 
nine per 100 ml. EE 
Heart cultivated with | 67. 3 (100) 44.1 | 65.5 | 24.0 38.6 101.1 1.84 
100 mg. 1-phenylala- | | | 
nine per 100 ml. EE | | | | 


— — — — —fH—ũ 


It is not known whether the non-isotopic amino acids added to the media 
exerted their effects outside the tissue cells, on the cell surfaces, or within 
the cells. Certainly studies such as that of Christensen and Riggs (11) 
show that animal cells can concentrate amino acids markedly. 

Amino Acid Analogues As Antagonists of Incorporation of Labeled Amino 
Acids—The action of some structural analogues was studied in relation to 
their effects on protein synthesis and on the utilization of both free and 
protein-bound labeled amino acids by tissue cultures. As with the trap 
experiments in the previous section, it might be expected that the analogues 
would not be effective against labeled EE unless the CW. amino acids were 
released in the free form prior to incorporation into heart protein. 

Two analogues of phenylalanine, 8-2- and §-3-thienylalanine, have beer 
tested as growth inhibitors in rats (12, 13). Garst, Campaigne, and Day 
(14) found that the 8-3 compound was the more effective and impaired 
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growth at a level as low as 0.05 per cent in the diet. Fig. 3 shows the ef- 
fect of this compound on protein synthesis and labeled phenylalanine in- 
corporation in heart cultures. Compared with other analogues to be dis- 
cussed presently, 8-3-thienylalanine was not very effective in this system. 
It may be pointed out that the curves of protein synthesis in Figs. 3 to 5 
do not inhibit the initial decreases observed with a previous method of 
measurement (2). The new technique of weighing the tissue after ex- 
plantation, so that the tissue débris is not included, may be responsible. 
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Fic. 3. The effect of 8-3-thienylalanine on protein synthesis and on the 
tion of pi-phenylalanine-3-C™ into protein of heart cultures. The labeled phenyl- 
alanine concentration in the nutrient media was 3.0 X 10 “ M in each case. 


The second analogue employed in the present study was ethionine. 
Stekol and Weiss (15) found that both isomers of this compound inhibited 
the growth of rats when included at a 0.25 per cent level in the diet. Simp- 
son and coworkers (16) showed that ethionine inhibited the incorporation 
of S**-labeled methionine into tissue proteins. It is of interest that Cid. 
labeled ethionine was itself incorporated to a limited extent (17). Fig. 4 
demonstrates the inhibition by ethionine of labeled methionine uptake into 
protein of heart cultures. While a 2 X 10-* M ethionine concentration 
had no significant effect, a 5-fold increase (1 X 10-* m) inhibited labeled 
methionine uptake by 85 per cent for a 6 day period, while 2 X 10 MN 
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analogue caused virtually complete inhibition. Protein synthesis was de. 
pressed by 30 per cent by 2 Xx 10 M ethionine, and 60 per cent by a I x 
10 à concentration, in 6 days. Here, as with thienylalanine, protein 
synthesis was affected somewhat more than amino acid incorporation at 
lower analogue concentration. 

It should be pointed out that the much larger scales of the ordinates of 
Figs. 3 and 4, as compared to Fig. 1, simply reflect the relatively ineffi- 
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Fic. 4. The effect of pt-ethionine on protein synthesis and on the incorporation 
of pt-methionine-2-C" into protein of heart cultures. The concentration of labeled 


methionine was 3.3 X 10-* m in each experiment. 


* INCREASE IN PROTEIN IGM. METHIONINE/MG. PROT. 
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cient procedure used to label the EE protein and not a greater degree of 
incorporation of free labeled amino acids. Actually the extent of utiliza 
tion was approximately the same in the two cases. 

In seeking a phenylalanine antagonist superior to thienylalanine, ex- 
periments were conducted with o- fluorophenylalanine in tissue culture. 
Armstrong and Lewis (18) found that this compound markedly lowered 
the growth rates of rats when fed at a 0.1 per cent level in the diet. The 
middle portion of Fig. 5 shows the effect of increasing concentrations of 
o-fluorophenylalanine on the incorporation of free labeled phenylalanine 
into heart protein. At the 3 X 10-* M level, incorporation was inhibited 


|| 
by m 
tion) 
analo 
the u 
alanit 
prote 
0 
O 
Fid 
corpor 
128 
the tr 
not re 
synth 
free la 
Sim 
incorp 
tion 
antag: 
acids | 
The a 
yim 


Fo 25x? 


L 


M. D. FRANCIS AND r. WINNICK 285 


by more than 80 per cent in 6 days, while protein synthesis (lowest por- 
tion) was depressed by 40 per cent. It was of interest to test the fluoro 
analogue on labeled EE containing protein-bound C-phenylalanine. In 
the uppermost part of Fig. 5 it is seen that 1.2 X 10 M o-fluorophenyl- 
alanine had no appreciable effect on the transfer of C from EE protein to 
protein of the heart cultures. This result indicates more strongly than do 
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Fic. 5. The effect of o-fluorophenylalanine on protein synthesis und on the in- 
corporation of pi-phenylalanine-3-C™ into protein of heart cultures. O, no ana- 
logue added; A, 6 X 10 M, X, 1.2 X 10 u, and Q, 3 X 10 u fluorophenylalanine. 


the trap experiments in the preceding scetion that free phenylalanine was 
not released from the EE protein. As in previous experiments, protein 
synthesis and growth were inhibited less than was the incorporation of the 
free labeled amino acid added to the medium. 

Simpson and coworkers (16) observed that, while ethionine inhibited the 
incorporation of labeled methionine in vivo, it also depressed the incorpora- 
tion of labeled glycine. They suggested that ethionine, by its specific 
antagonism for methionine, prevented the integration of the various amino 
acids into protein structure, so that de novo protein synthesis was blocked. 
The action of ethionine and o-fluorophenylalanine on an unrelated amino 
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acid, alanine, was tested in tissue culture (Fig. 6). The fluoro compound 
at 1.2 X 10- m inhibited C"-alanine uptake by 30 per cent, while 7 X 10 
u ethionine inhibited it by 65 per cent in 6 days. Accordingly, these re- 
sults support the view that analogues have a generalized effect on amino 
acid incorporation. 

The three analogues studied in the present paper are compared in Table 
V. It may be seen that o-fluorophenylalanine was the most effective, ethi- 
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Fic. 6. The effects of o-fluorophenylalanine and pi-ethionine on the incorporation 
of free pt-alanine-1-C" into protein of heart cultures. The labeled alanine concen- 
tration in the medium was 5.6 X 10-* in all cases. 


onine next, and §-3-thienylalanine least effective in blocking incorporation 
of their corresponding amino acids into heart protein. 

Dinitrophenol in Relation to Utilization of Amino Acids—Fig. 7 shows 
that lesser DNP concentrations (10 to 10-* M) exerted a moderate effect, 
and the highest level (2.4 X 10 M) a comparatively severe effect on the 
incorporation of free labeled phenylalanine into tissue protein. But ia 
the case of protein-bound C"-phenylalanine, even the highest DNP level 
had no marked effect on the transfer to Ci from EE to heart proteins. E- 
sentially the same results were obtained in parallel experiments with free 
and bound labeled methionine. 

Clowes and Krahl (19) observed that 10~ M DNP blocked cell division 
in sea urchin eggs. Cellular growth was similarly prevented in the tissue 
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cultures by 2.4 X 10 Uu DNP, while restricted growth and protein syn- 
thesis occurred in the presence of X 10-51 DNP. The present results, 
together with those of the fluorophenylalanine experiments, suggest that 
the incorporation of free amino acids can be inhibited while proteins (or 


TaBLe V 
Relative Effectiveness of Amino Acid Analogues As Antagonists of Natural Amina 
Acids in Heart Cultures 


Ratio of an slogue to labeled Per cent inhibition of 
Analogue amino acid 


ime into 
concentration orporation int heart 
o-Fluorophenylalanine 7 20 | 37 
100 82 
Ethionine | 60 | No effect 
300 85 
8-3-Thienylalanine | 200 No effect 
1000 25 
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Fic. 7. The effect of increasing concentrations of 2,4-dinitrophenol on the in- 
corporation of free and of protein bound bi- phenylalanine - 3- Ci into protein of heart 
cultures. In the lower series of experiments 3 X 10 % u labeled phenylalanine was 
added to ordinary EE. In the upper series a labeled EE was employed, with a 
radioactivity corresponding to 0.222 7 of C'*-phenylalanine per mg. of protein. 
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protein fragments) remain available for limited protein synthesis or for 
turnover processes. A previous study has shown that rapid turnovers of 
isotopic amino acids occur in tissue culture in the absence of growth (2), 
Apparently, the same process can take place with the C. of labeled pro- 
teins. It is important to point out that several types of evidence (2) indi- 
cate that a simple physical adsorption of EE proteins on the tissue culture 
cells does not occur. 


SUMMARY 


A study was made of the amino acid and protein balance in embryonic 
heart cultures. During the initial stages of growth, tissue protein was 
synthesized chiefly at the expense of amino acids in the nutrient medium, 
but subsequently the main contribution was from the soluble protein of 
the medium. 

The modes of utilization of free C-labeled amino acids and of the same 
amino acids in protein-bound form were compared. From experiments in 
which relatively large concentrations of non-isotopic amino acids were 
added to the media as metabolic traps, it was concluded that most of the 
C* of singly labeled proteins could be transferred from nutrient medium to 
heart tissue protein without the release of free amino acids. A similar con- 
clusion was reached in experiments with doubly labeled proteins, labeled 
in one case with phenylalanine and methionine and in another with phenyl. 
alanine and lysine. 

The inhibiting effect of ethionine on the incorporation of free C-labeled 
methionine and of o-fluorophenylalanine and §-3-thienylalanine on the 
incorporation of free C-phenylalanine into tissue protein was studied. 
The fluoro analogue strongly inhibited incorporation at a concentration of 
10-* m, while ethionine was similarly effective at 10-* M. Thienylalanine 
was relatively less effective. The generalized action of these analogues 
was indicated by the finding that fluorophenylalanine and ethionine de- 
pressed the incorporation of free C-alanine into tissue protein. The 
amino acid analogues inhibited protein synthesis, growth, and hence nucleic 
acid synthesis; but remarkably, the most potent analogue, fluorophenyl- 
alanine, did not inhibit the transfer of C from phenylalanine-labeled 
protein of the medium to tissue protein. 

Dinitrophenol at 10-* to 10 M strongly depressed protein synthesis and 
growth of the cultures and inhibited incorporation of free C'-amino acids. 
However, these same concentrations did not significantly inhibit the utili- 
zation of protein-bound labeled amino acids. 

The results support the conclusion that embryonic heart cultures cap 
utilize protein of the nutrient medium extensively and without complete 
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hydrolysis. This utilization appears to represent in part a turnover type 
of process. 
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STUDIES OF THE MECHANISM OF ACTION OF 
DINITROPHENOL* 


Br ROBERT F. WITTER, ETHEL H. NEWCOMB, anp ELMER STOTZ 


(From the Department of Biochemistry, School of Medicine and Dentistry, The 
University of Rochester, Rochester, New York) 


(Received for publication, December 1, 1952) 

The oxidation of fatty acids by particulate fractions from animal tissues 
is characterized by extreme sensitiveness to all procedures which uncouple 
oxidation and phosphorylation (1-5). Dinitrophenol, which is widely used 
as an uncoupler of phosphorylation and oxidation (1-9), is a powerful 
inhibitor of the oxidation of fatty acids in particulate systems from animal 
tissues (1-5), but does not seem to inhibit the oxidation of members of the 
Krebs cycle when tested in the same system as the fatty acid (1,5). Thus, 
the revelation of the mode of action of dinitrophenol might aid in the 
clarification of the mechanism of the oxidation of the fatty acids. 

A marked drop in P: O ratios is observed when members of the Krebs 
cycle are oxidized in the presence of dinitrophenol. Since the rates of 
oxidation of the members of the Krebs cycle may be virtually unchanged 
under the same conditions (1, 4, 5, 7, 8), the level of AT Pi in the system 
must fall. Accordingly, the decreased P:O ratios may reflect an increased 
net rate of breakdown of ATP which is due either to activation of ATPases 
or to inhibition of the resynthesis of adenine nucleotides via the trans- 
phosphorylation reactions of oxidative phosphorylation. 

As noted in a previous report from this laboratory, dinitrophenol was 
found to increase the rate of hydrolysis of ATP in washed liver particles 
in which the ATP was continually regenerated by the phosphopyruvate- 
ADP transphosphorylase of rabbit muscle. Since these experiments were 
run under anaerobic conditions (10) in which oxidative phosphoryla- 
tion is eliminated, it seemed possible that dinitrophenol might activate an 
ATPase.“ Subsequent investigation, reported in this communication, 


* This research was supported by grants from the Division of Research Grants 
and Fellowships of the National Institutes of Health, United States Public Health 
Service, and the Nutrition Foundation, Inc. 

The following abbreviations will be used in the paper. Adenosinetri 
(ATP), adenosinediphosphate (ADP), and diphosphopyridine nucleotide (Col). 

It is obvious that in a particulate system apparent activation of an enzyme 
might occur in two ways; viz., by true activation of the individual enzyme, or by an 
increase in the permeability of the particle to the substrate. The experiments 
reported in this communication would not differentiate between the two methods 
of activation. 
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MECHANISM OF ACTION OF DINITROPHENOL 


has disclosed that in washed particles dinitrophenol does appear to activate 
phosphatases which hydrolyze ATP and pyrophosphate. Further studies 
were carried out in order to ascertain whether this activating effect on 
“phosphatases” could explain the ability of dinitrophenol to uncouple the 
phosphorylation of ADP from the oxidation of malate or to inhibit the oxi- 
dation of fatty acids. Other experiments were designed to reveal whether 
dinitrophenol inhibits transphosphorylation reactions and to characterize 
further and to localize the site of the inhibition of the oxidation of fatty 
acids by dinitrophenol. 

In these experiments rat liver mitochondria or particles were used as 
the source of the fatty acid oxidase. In the studies of the oxidation d 
fatty acids, a model substrate, sorbic acid, was used; its rate of oxidation 
was followed by an analytical method (2). The effect of dinitrophenol on 
transphosphorylation reactions was studied in extracts of rabbit musele 
(11) which were found to contain the phosphopyruvate or phosphocreatine 
transphosphorylases. Preliminary reports of these results have been pub- 
lished (10, 12, 13). 

EXPERIMENTAL 

Many of the experimental details are given in previous papers (2, 14, 15) 
or in Tables I to VI. Dinitrophenol in the concentrations used did not 
interfere in the estimation of sorbate (2). Phosphoereatine and ortho- 
phosphate were measured by the Fiske-Subbarow methods (16, 17). In 
the absence of phosphocreatine, orthophosphate was estimated as phos 
phate which reacted with the Fiske-Subbarow reagent (16, 17). ATP and 
ADP were estimated by difference as 10 minute phosphate. In the pres- 
ence of pyrophosphate, the aliquots were diluted as previously described 
by others (18, 19) so that pyrophosphate did not interfere in the Fiske 
Subbarow methods for orthophosphate (16, 17). Control experiments, 
which were described in the previous publication (15), showed that these 
methods for the analysis of phosphate compounds could be applied to the 
experiments reported in the present study. 

Liver particles (2) from rats were washed three times in isotonic potas- 
sium chloride. Rat liver mitochondria were prepared in hypertonic su- 
crose, precipitated with potassium chloride, and washed three times in 
isotonic potassium chloride as described by Kennedy and Lehninger (20). 
A fraction of rabbit muscle extract which precipitated between 50 and 70 
per cent saturation with ammonium sulfate was prepared according to 
Racker (11) and dialyzed against 0.02 m Veronal at pH 8.0 before use. 

The anaerobic experiments were conducted in an atmosphere of nitrogen; 
air was the gas phase in aerobic experiments. The side arm of the War- 
burg flask which contained the enzyme was kept ice-cold during the gassing 
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procedure. The flasks then were equilibrated at 30° for 2 minutes before 
dumping the enzyme to start the reaction. 

The ATP used in this investigation was obtained as the barium salt from 
the Sigma Chemical Company or isolated as the barium salt from rabbit 
muscle according to the procedure of Dounce, Rothstein, Beyer, Meier, and 
Freer (21). Both samples had the correct amount of 10 minute phosphate. 
Analysis of a solution of the sodium salt made from either source of the 
barium salt of ATP showed that about 3 mole per cent of pyrophosphate 
was present. The latter was estimated by enzymatic assay with a yeast 
pyrophosphatase which had been purified to the first ammonium sulfate 
precipitation and treatment with chloroform as described by Heppel and 
Hilmoe (22). Excellent recoveries of pyrophosphate which was added to 
ATP were obtained with this procedure. The ADP was obtained as the 
barium salt from Sigma, sodium pyrophosphate was Baker’s e. p. grade, 
and 3-phosphoglycerate was purchased as the barium salt from the Schwarz 
Laboratories, Inc., and recrystallized from alcohol and hydrochloric acid. 
The sources and purity of other chemicals used in this study were previ- 
ously described (2, 14, 15). 

Results 

Effect of Dinitrophenol on Transphosphorylation Reactions of Rabbit Mus- 
de Extracts—In Table I are given experiments which illustrate the effects 
of dinitrophenol on the phosphocreatine and phosphopyruvate transphos- 
phorylases of rabbit muscle extracts. The former reaction was followed 
by the rate of disappearance of phosphocreatine; the latter reaction was 
studied by the rate of formation of 10 minute phosphate. 3-Phospho- 
givcerate was used as the source of the phosphopyruvate; the enzymes 
necessary to transform 3-phosphoglycerate to phosphopyruvate as well as 
the transphosphorylases themselves were furnished in the dialyzed extract 
of rabbit muscle which had been precipitated between 50 and 70 per cent 
saturation with ammonium sulfate. The concentration of muscle extract 
was so adjusted that the reactions did not reach equilibrium before the end 
of the experimental period. Under these conditions any effect of dinitro- 
phenol on the transphosphorylation reactions would be detected. 

However, from the data in Table I it is clear that dinitrophenol does 
not inhibit the phosphocreatine or phosphopyruvate transphosphorylases of 
rabbit muscle. After this work was completed, Askanos (23) reported 
that the phosphocreatine transphosphorylase of rabbit muscle was not in- 
hibited by dinitrophenol. Also dinitrophenol has been shown not to in- 
hibit the hexokinase reaction (4), the anaerobic dismutation of a-ketoglu- 
tarate and ammonia to succinate and glutamate (5, 24), or part of the 
phosphorylation associated with the oxidation of a-ketoglutarate (5, 8, 24). 
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These results indicate that dinitrophenol does not inhibit transphosphoryla- 
tion reactions, at least of the type studied. 

Effect of Dinitrophenol on Phosphatases of Rat Liver Particles and Mito- 
chondria—The next experiments were designed to reveal whether dinitro- 
phenol activates the phosphatases of rat liver particles or mitochondria, 
The phosphatase activity of the particulate fraction was estimated by 
measurement of the rate of liberation of orthophosphate from various 
phosphate compounds. Most of the experiments were carried out under 


| 
Effects of Dinitrophenol on Transphosphorylation in Extracts of Rabbit Muscle 
The reaction mixture contained 0.01 M Veronal buffer, pH 8.0, 0.007 mM magnesium 
chloride, 0.02 M potassium chloride, 0.0033 m phosphate compound, and dialyzed 
extract of rabbit muscle in a total volume of 1.5 ml. 


—— 


Phosphate as 
= aor | Phospho- | 10 min added 
creatine» 
«„ „ 
1 Phosphocreatine-ADP 4.95 0 
“ 4.02 10 
4.07 10 1.0 
2 Phosphocreatine- adenylie acid 41.95 0 
“ 8.78 | 10 
3.78 10 1.0 
3 Phosphoglycerate-ADP «4.60 0 
15 3.72 10 
| “ 5.81 10 10 
4 Phosphoglycerate - adenylie acid 0 
0.70 | 10 


anaerobic conditions. Under these conditions, resynthesis of ATP by oxi- 
dative phosphorylation from residual substrates which are present in the 
washed particulate systems is eliminated, and the rate of hydrolysis of the 
phosphate compound is a function of the activity of the phosphatases. 
In Table II are illustrated experiments with ATP, ADP, or pyrophos- 
phate as substrates. The conditions used for these experiments were the 
same as those usually employed in studies of the oxidation of fatty acids 
or members of the Krebs cycle. However, similar results, not listed in 
Table II, were obtained when the concentration of the phosphate com- 
pound was 3 times that given in Table II. The values given in Table II 
are not corrected for the amount of orthophosphate released from the 
enzyme system in the absence of added substrate, since, as can be seen in 
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the protocol, only small amounts of orthophosphate are formed under these 
conditions. 

In washed particles, the addition of dinitrophenol caused a marked in- 
crease in the rate of liberation of orthophosphate from ATP, ADP, or 
pyrophosphate. These results indicate that in washed particles dinitro- 
phenol may activate phosphatases which catalyze the hydrolysis of these 


Taste II 

Effects of Dinitrophenol on Hydrolysis of ATP, ADP, and Pyrophosphate 
The reaction mixture contained 0.01 u tris(hydroxymethyl)aminomethane buffer, 
pH 8.0, 0.05 M potassium chloride, 0.001 u phosphate compound, and washed liver 
particles or mitochondria (equivalent to 160 mg. of fresh liver) in a total volume of 
3.1 ml. Temperature 30°; time 10 minutes. 


2 

x | 


— 0.20 

” — 1.0 0.15 

ADP — 1.23 

— 1.0 1.84 

ATP + 1.03 
* + 1.0 2.99 

™ — 1.75 

- — 1.0 23.08 
Pyrophosphate + | 0.44 

+ 1.0 90.70 

0.68 

“ — | 1.0 2.13 
Mitochondria None — 0.05 
— 1.0 0.04 

ATP — 1.09 

— | 1.0 2.03 
Pyrophosphate — 0.30 

— 1.0 0.45 


— —— 


phosphate compounds. Furthermore, when the hydrolysis of ATP or py- 
tophosphate in the presence of dinitrophenol was conducted under aerobic 
conditions, it was found that ATP was hydrolyzed at the same rate as 
under anaerobic conditions, whereas pyrophosphate was hydrolyzed at a 
much slower rate under aerobic conditions than under anaerobic conditions. 
These results indicate that in washed particles two phosphatases, specific 
for ATP and pyrophosphate respectively, are activated by dinitrophenol. 

It is shown in Table II that in contrast to these results, which were 
obtained with washed particles, dinitrophenol had little or no influence on 
the rate of hydrolysis of ATP or pyrophosphate under anaerobic conditions 
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in rat liver mitochondria which had been prepared in hypertonic sucroge 
and washed with isotonic potassium chloride. Hunter (25) has reported 
independently that dinitrophenol increases the rate of hydrolysis of ATP 
under anaerobic conditions in mitochondria which have been prepared in 
isotonic sucrose. These results indicate that the method of preparation of 
the particulate fraction is an important factor in determining whether the 
fraction will exhibit an increased rate of hydrolysis of ATP or pyrophos- 
phate in the presence of dinitrophenol. 

After this work was completed, Swanson (26) reported that the pyro- 
phosphatase activity of rat liver homogenates could be recovered quanti- 
tatively in the soluble fraction” and suggested that the pyrophosphatase 
activity of washed particles is due to the presence of erythrocytes and 
unbroken liver cells. However, assay of the rat erythrocytes according to 
the procedure of Naganna and Narayana Menon (18) showed that in this 
system dinitrophenol had no effect on the hydrolysis of pyrophosphate. 
Hence, the pyrophosphatase contained in the red cells (18, 27-29) which 
were present in the washed particles was not responsible for the accelerat- 
ing effect of dinitrophenol on the hydrolysis of pyrophosphate by washed 
particles. No further attempts were made to identify the component or 
components of the washed particles which contain the pyrophosphatase 
activated by dinitrophenol. However, it is of interest to note that a par- 
tially purified yeast pyrophosphatase was not activated by dinitrophenol. 

Other experiments not listed in Table II showed that dinitrophenol had 
no effect on the hydrolysis of phosphocreatine, 3-phosphoglycerate, or 
adenylic acid. However, of these three compounds only adenylic acid was 
hydrolyzed at a measurable rate by liver particulate systems. Other stud- 
ies indicated that the effect of dinitrophenol on the hydrolysis of ATP, 
ADP, and pyrophosphate may be specific for the phenol. Under condi- 
tions under which concentrations of 1 X 10 to 1 X 10-5 „ dinitrophenol 
were effective, 1 X 10-3 m phenol, 1 X 10-* M azide (an uncoupler d 
phosphorylation) (30), 1 X 10 u calcium, or 1 X 10 M magnesium ion 
had no effect on the hydrolysis of ATP or pyrophosphate by washed par- 
ticles. On the other hand, calcium or magnesium ions at 1 X 10 M level 
did activate the hydrolysis of ATP or pyrophosphate. Both of these metal 
ions are well known as activators of phosphatases. 

In experiments similar to those tested in Table II, it was found that, 
when the particles were frozen or dried with acetone or when 0.006 1 
magnesium chloride was added to fresh particles, dinitrophenol no longer 
activated the hydrolysis of pyrophosphate or ATP. However, when the 
level of ATP which had been added to the fresh particles was continuously 
regenerated under anaerobic conditions with the phosphocreatine-ADP 
transphosphorylase of rabbit muscle as previously described (15), the rate 
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of hydrolysis of ATP was increased about 50 per cent by dinitrophenol 
even though in this case the system contained 0.0066 m magnesium chlo- 
ride. In similar experiments with fresh mitochondria, dinitrophenol had 
no effect on the breakdown of ATP. Previously Ronzoni and Ehrenfest 
(31) had found with rabbit muscle slices that dinitrophenol increased the 
rate of hydrolysis of phosphocreatine, and thus presumably ATP, under 
anaerobic conditions. 

Effect of Dinitrophenol on Oxidation of Malate—In the next experiments 
the possibility was studied that activation of an ATPase might explain the 
uncoupling of phosphorylation from the oxidation of malate observed with 


Taste III 


Effects of Dinitrophenol on Maintenance of ATP Level by Oxidation of Malate in 
Mitochondria 

The reaction mixture contained 6.6 Xx 10 * u magnesium chloride, 6.6 X 10 M 
cytochrome c, 7 X 10 m ATP, 1.6 X 10 potassium phosphate, pH 8.0, 0.02 
tris(hydroxymethyl)aminomethane buffer, pH 8.0, 0.02 m potassium chloride, and 
0.2 ml. of mitochondria (equivalent to 160 mg. of fresh liver) in 0.15 mM potassium 
chloride, and water to dilute to a final volume of 3.1 ml. When malate was added, 
its final concentration was 0.003 u. Air; temperature 30°. KOH in center well. 


| Dinitro- | 
Dicarboxylic acid added phenol 
1.0 4.2 5.5 0 
ln 0 0.5 9.9 15 
LL 1.0 0 | 0.2 10.9 15 
13 3.6 6.4 15 
„/ 1.0 1.1 0.4 10.4 15 
the phenol. In the experiments listed in Table III, the effect of dinitro- 


phenol on the level of ATP formed by the oxidation of malate by mito- 
chondria was investigated. If the activation of the hydrolysis of ATP 
were the primary cause of the uncoupling of oxidation and phosphorylation, 
dinitrophenol should not uncouple oxidation and phosphorylation since the 
phenol did not activate the hydrolysis of ATP in this particulate system. 
However, this is not the case, for, as can be seen in Table III, in mito- 
chondria dinitrophenol did prevent the maintenance of ATP level by the 
nxidation of malate without influencing the rate of oxidation of the di- 
tarboxylic acid. Control experiments showed that, with the preparation 
of mitochondria used in Table III, dinitrophenol did not increase the 
rate of hydrolysis of ATP under anaerobic conditions. Similar results 
not listed in Table III were obtained for washed particles, with the ex- 
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ception that the anaerobic hydrolysis of ATP was activated by dinitro. 
phenol. These results indicate that the activation of the hydrolysis of 
ATP cannot be the primary reason for the uncoupling of the phosphoryla- 
tion of ADP from the oxidation of malate which occurs in the presence of 
the phenol. It is possible, however, that in some systems such as washed 
particles or mitochondria which have been prepared in isotonic sucrose, 
activation of an “ATPase” may play a secondary réle in the uncoupling of 
phosphorylation from oxidation by dinitrophenol. 

Effect of Dinitrophenol on Oxidation of Fatty Acids—Similarly, other ex- 
periments indicated that the activating effect of dinitrophenol on ATP 
hydrolysis cannot be the sole explanation of the inhibition of fatty acid 


Tan IV 

Effects of Phosphocreatine System on Inhibition of Sorbate Oxidation by Din itrophenol 
The reaction mixture contained 0.026 u t ris (hydroxymethyl)aminomethane buf. 
fer, pH 8.0, 2 X 10 potassium phosphate, pH 8.0, 6.7 X 10 magnesium chloride, 
6.6 X 10°* m cytochrome c, 1.2 X 10°? mu ATP, 6 X 10 mM phosphocreatine, I X 10 
m sorbate, 0.4 ml. of heat-stable factor in 0.15 u potassium chloride, 10 mg. of di 
alyzed extract of rabbit muscle, and 0.5 ml. of washed liver particles (equivalent to 
200 mg. of fresh liver) in a total volume of 3.1 ml. Temperature 30°. 
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rime 
Phosphocreatine Inorganic 10 min. 
min. 10 uM uu uM uM 
0 1.0 17.1 8.0 8.2 
10 9.9 15.4 8.4 1.2 
10 1.0 2.1 27.2 6.1 0.2 


oxidation by dinitrophenol. First of all, dinitrophenol is equally as eſſee- 
tive as an inhibitor of fatty acid oxidation in mitochondria as in washed 
particles, even though the activating effect of dinitrophenol on ATP hy- 
drolysis under anaerobic conditions can be clearly demonstrated only in 
the latter system. Secondly, when the phosphocreatine system was used 
to maintain the ATP level of the washed particle system, as previously 
described (15), inhibition of the oxidation of sorbate was not overcome. 
The simultaneous addition of various activating factors such as a-kete 
glutarate, Col, heat-stable factor (2), or malate did not overcome the 
inhibition of sorbate oxidation by dinitrophenol. A typical experiment 
with heat-stable factor (2) and the phosphocreatine system is illustrated 
Table IV. The failure to reactivate sorbate oxidation with a-ketogl- 
tarate in the presence of dinitrophenol is of particular interest since it has 
recently been demonstrated that part of the phosphorylation associated 
with the oxidation of this dicarboxylic acid is resistant to dinitrophend 
(5, 8, 24). These results indicate that this type of phosphorylation wil 
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not support fatty acid oxidation in the presence of dinitrophenol. Judah 
(5) has found that the addition of more ATP would not overcome the in- 
hibition of the oxidation of octanoate by the phenol. The failure to re- 
activate the oxidation of fatty acids with ATP and other factors is in 
contrast to the reactivation of the oxidation of pyruvate via the Krebs 
eyele by dicarboxylic acids (5, 6), Col (5), or ATP (5) in the presence of 
the phenol. These results indicate that dinitrophenol may exert a specific 
effect on the oxidation of fatty acids. 


TaBLe V 


Effects of Dinitrophenol on Formation of Acetoacetate and on Synthesis of ATP from 
Sorbate and Pyruvate 

The reaction mixture contained 0.01 M Veronal buffer, pH 8.0, 2 X 10-* M potas- 
sium phosphate, pH 8.0, 6.6 X 10-* magnesium chloride, 6.7 X 10-* M cytochrome 
e, 0.03 M potassium chloride, 6 X 10 * ATP, 1 X 10 m sorbate or 1.5 X 10°? u 
pyruvate, and 0.5 ml. of washed particles in a total volume of 3.1 ml. In the sorbate 
experiment, 0.6 ml. of heat-stable factor in 0.15 M potassium chloride replaced the 
0.03 u potassium chloride. 


— — 


Aci added Time 
Inorganic 10 min. 

N % 1 uM ue | min. 

700 2.5 9.3 2.9 | 15 

0.2 10.2 1.5 15 

o 1.0 7.7 4.0 0 

1.1 9.3 30 | @ 

0.1 12.8 0.5 2 
Effect of Dinitrophenol on Formation of Acetoacetate and ATP from Pyru- 


sale and Sorbate—Further evidence that dinitrophenol has a specific effect 
on the oxidation of fatty acids is given in experiments which are illustrated 
in Table V. The effects of dinitrophenol on the formation of acetoacetate 
and ATP from pyruvate and sorbate were investigated. The results of 
these experiments have been published in preliminary form (12, 13). Un- 
der the conditions of these experiments pyruvate gives rise to acetoacetate. 
This process requires the presence of adenine nucleotides, and the oxida- 
tion of pyruvate contributes to the level of ATP in the system. As is 
shown in Table V, the synthesis of ATP from pyruvate as well as from 
sorbate plus heat-stable factor is inhibited by dinitrophenol. It should be 
pointed out that it was difficult to demonstrate a net synthesis of ATP 
during the oxidation of sorbate since the oxidation of the “activator” (heat- 
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stable factor) contributed to the ATP level. The results listed in Table v 
are from an experiment in which a net synthesis of ATP was observed 
during the oxidation of this 6-carbon acid. The addition of dinitrophend 
caused a marked drop in the level of ATP in the system even in thos 
experiments in which a net synthesis of ATP from the oxidation of sorbate 
could not be demonstrated. 

In Table V it is shown that the presence of dinitrophenol inhibited the 
formation of acetoacetate from sorbate but not from pyruvate. If the 
assumption is made that the formation of acetoacetate from pyruvate and 
sorbate occurs via the same enzyme system, these results would indicate 
that dinitrophenol inhibits fatty acid oxidation at some stage prior to the 
formation of acetoacetate. The results with pyruvate have been both 
confirmed (8, 32) and denied (33). 

However, the failure to inhibit the formation of acetoacetate from pyn- 
vate appears to be specific for dinitrophenol, since, in experiments similar 
to those listed in Table V, methylene blue, also an uncoupler of oxidation 
and phosphorylation (9), inhibited the formation of acetoacetate from both 
pyruvate and sorbate. These results indicate that inhibitors of oxidative 
phosphorylation may have more than one locus of inhibition or may have 
effects other than those associated with the uncoupling of phosphorylation 
from oxidation. 

Reversible Nature of Inhibition of Oxidation of Sorbate by Dinitrophenol— 
Recently it has been shown that dinitrophenol will release Col from par- 
ticulate matter from rabbit kidney or liver (34). Since this change is 


accompanied by a marked loss in the ability to oxidize fatty acids, it seems 


probable that the loss of coenzyme may reflect denaturation of an enzyme 
or destruction of a factor required for the oxidation of fatty acids. Ae- 
cordingly, the experiments illustrated in Table VI were carried out in order 
to determine whether dinitrophenol caused an irreversible inhibition of 
the oxidation of fatty acids. In these experiments, aliquots of the rat liver 
particles were incubated under various conditions with dinitrophenol and 
then washed free of the inhibitor. The subsequent ability of the rat liver 
particles to oxidize sorbate with the heat-stable factor as the activator was 
then determined. If the inhibition of the oxidation of fatty acids by dini- 
trophenol were reversible, such particles should be able to oxidize sorbate. 
This was indeed the case, for, as can be seen in Table VI, the treated and 
washed particulate fractions could oxidize sorbate at the same rate as cor 
responding controls.“ The process of incubation and washing of the par- 


* Subsequent work, which has been reported in a preliminary form (35), indicates 
that the pH of the reaction mixture and the presence of magnesium chloride ar 
important factors in the preservation of the fatty acid oxidase activity of the cos 
trols heated at 30°. 
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ticles led to some loss in the ability to oxidize sorbate, but this loss was 
not accentuated by incubation with dinitrophenol. Also the periods of 
incubation of the enzyme with dinitrophenol were long enough for inhibi- 
tion to have occurred, since rate studies showed that the addition of dini- 
trophenol instantaneously stopped the oxidation of sorbate by washed 
particles. 
Taste VI 
Effects of Previous Incubation of Washed Particles with Dinitrophenol on Oxidation of 


Liver particles washed once with 0.15 m potassium chloride were prepared. Ali- 
quots were incubated with 5 volumes of incubation mixture in the presence or ab- 
sence of 1 X 10 M dinitrophenol. For Experiment 1, the incubation mixture 
contained 5 X 10 M Veronal buffer, pH 8.0, 2 10 potassium phosphate buffer, 
pH 8.0, 6.6 X 10° magnesium chloride, and 0.03 u potassium chloride. For Ex- 
periment 2 the incubation mixture contained the components used in Experiment 1 
plus 1 X 10 M ATP and 6.6 X 10°* M cytochrome c. After an incubation period of 
15 minutes at 30° or 60 minutes at 5°, the enzyme was centrifuged and washed two 
times with 30 volumes of 0.15 M potassium chloride. The ability of 0.5 ml. of the 
enzyme to oxidize sorbate was then determined as described in Table V, except 
that the reaction time was 30 minutes. 


Experiment No. Condition ‘Sorbate oxidized 
— 
1 No incubation 2.50 
+ 10 dinitrophenol 0.0 
Incubation at 30° 1.25 
30° with 10 “M dinitrophenol 1.40 
5° 1.75 
* „5 with 10 % M dinitrophenol 1.50 
2 No incubation 1.90 
| + 10~* ͤ dinitrophenol 0.10 
Incubation at 30° | 1.21 
| 30 with 10M dinitrophenol | 
DISCUSSION 


The results of these experiments indicate that dinitrophenol activates 
two phosphatases in washed particles of liver. One of these enzymes is 
specific for ATP, the other for pyrophosphate. It seems highly probable, 
although no direct proof is given in this communication, that the effect of 
dinitrophenol on the hydrolysis of ADP is indirect and involves the prior 
conversion of ADP to ATP by myokinase which is known to be present in 
washed liver particulate systems (36, 37). The dependence of the activa- 
tion of the hydrolysis of pyrophosphate on anaerobic conditions suggests 
that the system activated by dinitrophenol may require the formation of 
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some reduced substance. The latter may be a reduced form of dinitro. 
phenol or some coenzyme present in the particles. Further study may 
reveal whether the system which cleaves pyrophosphate in the presence of 
dinitrophenol is identical with one of the known reactions of pyrophosphate 
or whether some as yet undiscovered enzymatic reaction may be involved, 

The powerful inhibitory action of dinitrophenol on fatty acid oxidation 
in particulate systems is in contrast to its effects in slices. According to 
recent reports (38, 39), dinitrophenol not only does not inhibit the oxida. 
tion of fatty acids in liver slices (38, 39) but also may increase the propor- 
tion of ketone bodies found as acetoacetate after the oxidation of pyruvate 
or octanoate. The results of one study (38) appear to rule out permeabil- 
ity as a factor in these experiments. Dinitrophenol appears not to inhibit 
a soluble fatty acid oxidase (40). At present no explanation can be offered 
for these contrasting results. 


SUMMARY 


A study was made of the effect of dinitrophenol on various enzymatic 
reactions. Dinitrophenol does not inhibit the phosphocreatine or phospho- 
pyruvate transphosphorylases of rabbit muscle. Under anaerobic condi- 
tions and in the absence of added substrates, dinitrophenol activates the 

hydrolysis of ATP and pyrophosphate by washed particles from rat liver 

but not by rat liver mitochondria which have been prepared in hypertonic 
crose-isotonic potassium chloride. Thus dinitrophenol may activate 
“phosphatases” present in the washed particles. Activation, by dinitro 
phenol, of the hydrolysis of pyrophosphate, unlike that of ATP, is strongly 
dependent on anaerobic conditions. Thus ATP and pyrophosphate may 
be hydrolyzed by different enzyme systems. Dinitrophenol did not acti- 
vate the pyrophosphatases of yeast or of rat erythrocytes. 

The activating effect of dinitrophenol on the anaerobic hydrolysis od 
ATP and pyrophosphate did not appear to be the primary cause of the 
uncoupling of the phosphorylation of ADP from the oxidation of malate 
or of the inhibition of fatty acids which are observed in washed particle 
and mitochondria in the presence of the phenol. /Inhibition by dinitro 
phenol of the oxidation of a model substrate, sorbic acid, was not overcome 
by maintenance of the level of ATP in the washed liver particles with th 
phosphocreatine transphosphorylase of rabbit muscle or by the simultane 
ous addition of a-ketoglutarate, malate, heat-stable f. , or Col, but was 
released by washing the enzyme free of the inhibitor. latter result 


indicates that the presence of dinitrophenol does not cause the destruction 
of a factor or enzyme which is necessary for the oxidation of fatty acids 
In washed particles dinitrophenol inhibits the formation of acetoacetate 
from sorbate but not from pyruvate. Thus dinitrophenol may inhibit th 
oxidation of fatty acids at some stage prior to the formation of acetoacetate. 
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A METHOD FOR THE ISOLATION OF BILIRUBIN FROM 
FECES* 


By P. T. LOWRY,t IRENE BOSSENMAIER, Ax C. J. WATSON 
(From the Department of Medicine, University of Minnesota Hospital, 
Minneapolis, Minnesota) 

(Received for publication, November 24, 1952) 


The recent observation that certain antibiotics depress or even tempo- 
rarily eliminate the bacterial reduction of bilirubin in the colon suggested 
that the feces under such circumstances might be an excellent source of 
bilirubin. The possibility was also at hand that bilirubin labeled with 
Nu or Cu might thus be made available in significant amounts, assuming 
a prior administration of isotopic glycine or acetate. 

Crystalline bilirubin is customarily prepared from bile or cattle gall- 
stones and numerous procedures for its isolation from these sources have 
been described (1). Fischer and Libowitsky (2) obtained it, together with 
stercobilin, from the feces of an individual with hemolytic anemia. In 
this instance, it appeared that either the transit time of the intestinal 
contents was too short or the bacterial flora too inefficient to reduce the 
bilirubin completely. As will be noted in the following, this method has 
not proved satisfactory nor has any previous description been found of a 
satisfactory method for obtaining crystalline bilirubin from feces. 

Suppression of urobilinogen formation and excretion of bilirubin in the 
feces can readily be induced by the use of aureomycin (3), terramycin (4), 
and neomycin.' After oral administration of these drugs for several days 
in daily doses of 2, 4, 6 gm. respectively), the fecal urobilinogen drops to 
very low values, and the feces now give a strongly positive Fouchet reac- 
tion for bilirubin. To isolate it in crystalline form, the method of Fischer 
and Libowitsky (2) was first tried. Essentially, this procedure consists 
in acidification with tartaric acid and prolonged extraction of the feces 
with a mixture of ether and alcohol. After drying the fecal residue, the 
bilirubin is extracted with chloroform. In our hands, this extraction has 
proved inefficient, and from normal individuals receiving terramycin only 
traces of bilirubin were obtained. The following method was therefore 


developed. 


* This work was done in part under a contract from the Office of the Surgeon 
General, United States Army, and under sponsorship of the Commission on Liver 
Disease of the Armed Forces Epidemiological Board. 

Aided by a fellowship from The National Foundation for Infantile Paralysis, 


‘Unpublished data with R. Wise. 
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Method 

Feces of individuals receiving one of the above antibiotics, and after 
marked reduction of urobilinogen values, are collected for convenient peri- 
ods (1 to 4 days). Although not essential, the feces are more easily hand. 
led if their bulk is first reduced by several extractions with an equal mix. 
ture of ether and alcohol. These extractions are carried out in a mortar, 
The supernatant solution is decanted through a sintered glass filter and dis. 
carded. If it is also desired to isolate any preformed urobilin which may 
be present, these initial extractions are made with alcohol which is then 
treated further according to a method described separately (5). 

After being extracted and packed dry on the filter, the feces are trans 
ferred to a Waring blendor, where they are mixed with a 2.5 per cent sodium 
hydroxide solution, also containing 2 per cent ascorbic acid. This solution 
removes practically all of the pigment from the feces, including the bil. 
rubin. The inclusion of ascorbic acid is essential to prevent oxidation d 
bilirubin to biliverdin, which otherwise proceeds rapidly in an alkaline 
medium. After blending, the dark brown homogenate is diluted with an 
equal volume of a 3:1 mixture of alcohol and ether, which causes the fecal 
residue to become flocculent. The extract is then filtered through a Bich- 
ner funnel. This filtration proceeds much more rapidly if the paper is 
first layered with infusorial earth.“ After filtration, the residue is again 
extracted with the sodium hydroxide and ascorbic acid solution to remove 
any remaining bilirubin. On only a few occasions have more than two 
extractions been necessary. 

The combined extracts are saturated with ether and then weakly acidified 
with a 4 per cent solution of tartaric acid. On acidification a large pre- 
cipitate forms which includes the greatest part of the bilirubin. This 
precipitate is allowed to settle overnight at 4°. The next day the super- 
natant fluid is decanted and the solid material centrifuged and washed 
once with a 1:1 mixture of alcohol and ether, to which several mg. d 
hydroquinone are added to maintain reduction of the bilirubin. After 
washing twice more with ether alone, the orange-yellow precipitate ob- 
tained is allowed to dry. After drying it is pulverized and extracted for 
several hours with chloroform in a Soxhlet extractor. The chloroform 
solution is then shaken with a small amount of animal charcoal, filtered, 
and washed twice with water. After concentration to a small volume, the 
bilirubin readily crystallizes in the form of micro prisms. It is recrystal- 
lized out of chloroform (Fig. 1). 

The final product shows all of the reactions characteristic of bilirubin; 
i.e., amalgam reduction to mesobilirubinogen, oxidation to biliverdin, the 


Gmelin color play, Fouchet reaction, and diazo reaction. It is a bright} i 


* Hyflo Super-Cel; Johns Manville. 
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Fic. 1. Crystals of bilirubin isolated from human feces. X 40 
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Fic. 2. Spectral distribution curve of bilirubin isolated from feces compared with 
Armour bilirubin in chloroform solution, 0.83 mg. per 100 ml. in each. Complete 
identity of the curves is seen. 


orange powder which is identical in appearance with crystalline bilirubin 
from hog bile? The diazo reaction, spectral distribution, and absorption 
intensity indicate that the material obtained by this method is of equal 


Armour and Company. 
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purity. Both show equal intensity at absorption in chloroform from 320 
to 490 my, with the same maximum at 450 mg (Fig. 2). The diazo reae- 
tion is identical with that of commercial bilirubin’ recrystallized from 
chloroform (Fig. 3). 

The yields have been relatively satisfactory. 40 mg. of bilirubin per 
day have been obtained from a normal individual and 419 mg. per day 
from a patient with congenital hemolytic anemia, in both instances during 
the administration of terramycin. The method has been particularly use. 
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Fie. 3. Comparison of diazo reaction of Armour bilirubin and bilirubin isolated 
from feces. Appropriate dilutions were made so that I ml. of a chloroform solution 
of bilirubin was mixed with 6 ml. of methyl alcohol and 1 ml. of diazo reagent. After 
standing 15 minutes, readings were made on an Evelyn colorimeter with a No. 3% 
filter. 


ful in Nis studies in which it has been desirable to obtain not only frequent 
samples but a supply of NI bilirubin. The latter, for example, has been 
reduced to mesobilirubinogen, which has then been used to prove that 
fecal bacteria readily convert mesobilirubinogen to stercobilinogen. This 
study will be described in a separate communication. 


SUMMARY 


1. A method has been described for the isolation of crystalline bilirubin 
from human feces. This depends on (a) administration of suitable anti- 
bioties to depress the reduction of bilirubin by the fecal flora and _ thus 
permit its excretion in the feces in significant amounts, (b) suitable pre- 
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liminary treatment of the feces with ether and alcohol, and (c) the use of 
ascorbic acid during an alkaline extraction to prevent oxidation to bili- 
verdin. 

2. The bilirubin thus obtained is identical with the purest material 
day isolated from hog bile. 


5 We gratefully acknowledge the technical assistance of Miss Ruth Cardi- 
nal and Miss Mary Ann Farisy. 
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LACTOSE METABOLISM 


I. CARBOHYDRATE METABOLISM OF LACTOBACILLUS BULGARICUS 
STRAIN GERE A* 


By W. J. RUTTER anv R. G. HANSEN 
(From the Laboratory of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 
(Received for publication, November 10, 1952) 


Snell et al. (I) have shown that Lactobacillus bulgaricus strain Gere A 
grows in a medium containing lactose or other 8-galactosides as the carbon 
source, but does not grow initially in a medium containing galactose or 
glucose or mixtures of the two. Only after prolonged incubation with 
these monosaccharides, and presumably through adaptation, can this mi- 
croorganism utilize galactose or glucose for growth. The carbohydrate 
metabolism of microorganisms giving evidence of utilizing lactose by some 
other means than through hydrolysis is of interest in connection with the 
mechanisms of “direct” utilization of disaccharides (2, 3) and may perhaps 
lend information concerning the general biochemical problem of lactose 
metabolism. Accordingly, the purpose of this report is to describe certain 
aspects of the metabolism of L. bulgaricus Gere A with particular reference 
to lactose and its constituent monosaccharides, glucose and galactose. 


Methods 


Bacteriological—Cultures of L. bulgaricus Gere A were obtained through 
the kindness of Dr. E. E. Snell and Dr. W. B. Sarles. Cells were grown 
by transfer of inocula to suitable quantities of the medium of Snell et al. 
(1). When the bacteria were consistently derived from media containing 
lactose, they were termed unadapted cells. In certain experiments, galac- 
tose-adapted or glucose-adapted cells were used. These were grown in the 
same medium except that the appropriate sugar was substituted for lactose. 
The cells were harvested at the end of the logarithmic growth phase (about 
24 hours) by means of a Sharples centrifuge. Resting cell suspensions 
were prepared by washing the harvested cells twice in saline and suspend- 
ing them in the desired volume. Cell-free extracts were prepared by 1 
hour sonic oscillation (Raytheon 200 watt sonic oscillator with a 10 kilo- 
cycle driver) of resting cells suspended in 0.15 M potassium chloride. 

For the experiments involving the growth of this microorganism in de- 
fined nutrients, a double strength basal medium was prepared with the 
* Supported in part by a grant from the United States Atomic Energy Commission 
(contract No. AT(11-1)-67 project No. 10). 
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composition shown in Table I and autoclaved in 5 ml. lots for 10 minutes 
at 120°. The carbohydrate source and other factors to be tested for 
growth-promoting activity were sterilized by passage through a bacteri- 
ological filter and added, with sterile H: O, to a final volume of 10 ml. per 
tube. 1 drop of inoculum of unadapted cells washed three times with 
sterile saline was added to each tube. Incubation at 37° followed. 
Chemical—Acid production was measured in the Warburg instrument 
by release of CO: from a bicarbonate buffer in an atmosphere of 95 per 


Tasie I 

Composition of Basal Medium“ 
pL-Alanine 1 gm. | Biotin 
pL-Asparagine 1 * Pteroylglutamie acid 
L-Glutamic acid 200 mg. | p-Aminobenzoic acid 
L-Arginine hydrochloride 200 *“ Pyridoxal 
L-Lysine hydrochloride H- 100 “ Thiamine hydrochloride 
L-Cysteine 100 “ Calcium pantothenate 
L-Cystine 100 * Riboflavin 
L-Histidine 100 * Nicotinic acid 
L-Isoleucine 100 “ Salts A 
L-Leucine 100 “ 
L-Methionine 100 * Sodium acetate 
L-Phenylalanine 100 * Tween 80 
L-Proline 100 * Adenine sulfate 
L-Threonine 100 Guanine hydrochloride 
L-Tyrosine 100 “ Uracil 
L-Valine 100 Lactose 
Tryptophan 100 Water 
L-Serine 100 “ 
Glycine 100 “ 


* For 500 ml. double strength medium. 


cent N: and 5 per cent CO,. §-Galactose-l-phosphate and §-glucose-l- 
phosphate were synthesized essentially according to the method of Reithe 
(4). a-Galactose-1-phosphate was synthesized by the procedure described 
by Kosterlitz (5). a-Glucose-I- phosphate was obtained through the kind- 
ness of Dr. H. A. Lardy. Galactose-6-phosphate was synthesized by the 
method of Levene and Raymond (6). The specific rotations of the various 
intermediates and the final phosphate esters were in agreement with the 
values reported in the literature for these compounds. Triphosphopyr- 
dine nucleotide (TPN) was procured from the Sigma Chemical Company. 
Uridine-diphosphoglucose (UDPG) was isolated and purified according to 
the directions of Caputto et al. (7). This concentrate has been shown (8) 
to contain, in addition to UDPG, small amounts of another unidenti- 


fied uridine-diphosphate derivative and uridylic acid. L. bulgaricus factor 
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(pantethine) was furnished by Parke, Davis and Company. Pyridoxal 

te was obtained through the kindness of Dr. W. A. Wood. Crys- 
talline vitamin Bis was obtained from Merck and Company, Inc. Uracil, 
orotic acid, uridine, and uridylic acid were procured from Nutritional Bio- 
chemicals Incorporated. Phosphoglucomutase was isolated from rabbit 
muscle by the method of Najjar (9). A crude Zwischenferment was pre- 
pared by modification of the method of Kornberg (10) to include a heat 
treatment at pH 9.0 and 40°. Phosphorus was determined by the method 
of Fiske and Subbarow (11). Lactase activity was followed by the use of 
the modified Steinhof reagent described by Caputto et al. (12). Reducing 
power was determined by the Somogyi-Nelson method (13, 14). Total 
carbohydrate was measured with the anthrone reagent modified for use by 
Trevelyan and Harrison (15). Paper chromatography of sugars was ef- 
fected with the solvents ethyl acetate-pyridine-water in the proportions 
2:1:2, as described by Jermyn and Isherwood (16). The aniline oxalate 
reagent of Partridge (17) was satisfactory for the detection of sugar spots. 

Results 

Comparison of Growth with Acid Production by Resting Cell Suspensions 
in Presence of Various Substrates—The growth characteristics of unadapted 
L. bulgaricus Gere A are shown in Fig. 1, a; immediate growth was obtained 
only with lactose as the carbon source. The organism was modified to 
grow on glucose or galactose by incubating it for a period of 60 to 70 hours 
in a medium containing these sugars. When any of the a- or 8-glucose or 
galactose-1-phosphates were used as the carbon source, no growth of this 
organism occurred. It is shown in Fig. I, b that resting cell suspensions 
which would grow only in a medium containing lactose or other §-galacto- 
sides nevertheless readily produced acid from free glucose or galactose or a 
mixture of the two. When 10 uu of glucose and 10 uu of galactose were 
added simultaneously to resting cell suspensions, the rate of acid production 
was similar to that produced from 10 um of lactose. Other experiments 
have shown that under these conditions the rate of acid production from 
either 20 um of glucose or 20 uu of galactose is similar to that from 10 um 
of lactose. Addition of a-galactose-1-phosphate caused acid production at 
asimilar rate to that produced from galactose. None of the other phos- 
phate esters tested gave this response. 

Fig. 1, c, indicates that cells adapted to grow on galactose also acquired 
the ability to grow on glucose and retained their ability to grow on lactose. 
Resting cell preparations of a culture adapted to grow on galactose (Fig. 
I, d) produced acid more readily from glucose or lactose than from galac- 
tose or a-galactose-l-phosphate. None of the other hexose phosphate es- 

As illustrated in Fig. I, e, cells adapted to grow on glucose grew slowly 
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Fic. 1. Effect of various carbohydrates and phosphate esters on growth and acid 
production by resting cell suspensions of L. bulgaricus Gere A. The cells were 
grown on the medium of Snell et al. (1) with variations in the carbon source. Thrice 
washed cells which had been grown with the carbon source provided by lactose 
(unadapted) (a), galactose (galactose adapted) (c), and glucose (glucose adapted) (e) 
served as the inoculum. The sugars and phosphate esters were added at a concen- 
tration of 100 mg. per 10 ml. Each Warburg flask contained 0.1 ml. of 0.01 M MgSO, 
0.1 ml. of 0.01 m phosphate buffer, pH 6.5, 0.2 ml. of 0.2 M1 NaHCOs, pH 6.5, 1.0 ml. of 
a resting cell suspension of L. bulgaricus Gere A either unadapted (b), adapted to 
galactose (d), or adapted to glucose (). 0.1 ml. of sugar solution (100 um per ml.) 
or 0.5 ml. of phosphate ester solution (20 um per ml.) was added to the side arm. 
Water was then added to a total volume of 2.0 ml. After equilibration in an atmos- 
phere of 95 per cent N:-5 per cent CO:, the substrates were tipped in and the acid 
production was measured by release of CO; from the system. In the case of the 
phosphate esters, the values were corrected for initial acidity. 
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on galactose but would not initially grow on lactose. After a 40 to 50 hour 
incubation in the presence of lactose, however, growth resulted. Resting 
cells harvested from a culture adapted to grow on glucose produced acid 
readily only from glucose (Fig. 1, f); lactose and a-galactose-1-phosphate 
were utilized much less effectively, while galactose caused little if any pro- 
duction of acid. Other phosphate esters were again without effect. 

Enzyme Activity of Cell-Free Extracts—It was observed that cell-free ex- 
tracts prepared from unadapted cells contained lactose activity. Thus, an 
extract from approximately 10 mg. of dried cells could hydrolyze 10 mg. of 
lactose in 1 hour. These extracts also contained galactokinase activity 
and hexokinase activity. 

Attempts to measure the presence of another enzyme capable of cata- 
lyzing the phosphorolysis of lactose were uniformly without success. No 
uptake of inorganic phosphate could be observed on incubation of the cell- 
free extracts with excess lactose. Various combinations of galactose-1- 
phosphate with glucose and glucose-I- phosphate were incubated with the 
extract in the presence of arsenate. If enzymes similar to sucrose phos- 
phorylase (18) or maltose phosphorylase (19) were present, an increase in 
reducing power could be expected; no increase was observed. In addition, 
short term incubations of sonic extracts with an excess of lactose together 
with added phosphoglucomutase and uridine-diphosphoglucose (the extract 
contained a galactowaldenase similar to that discovered by Caputto et al. 
(20) in yeasts) produced no accumulation of glucose-6-phosphate as meas- 
ured by the reduction of TPN in the presence of added Zwischenferment. 

Trichloroacetic Acid-Extractable Carbohydrates from L. bulgaricus Gere A— 
It was found that repeated extractions of cells with trichloroacetic acid 
removed nearly all of the cellular carbohydrates as detected by the an- 
throne reagent. A qualitative investigation was made of the alcohol-pre- 
cipitable carbohydrates extracted from cells grown on lactose, cells grown 
on glucose, and cells grown on galactose. Fig. 2 pictures a typical chro- 
matogram of the hydrolysis products of the carbohydrate fraction of cells 
grown on glucose. Similar results were obtained when the carbohy- 
drates were extracted from cells grown on lactose or galactose; in every 
case, substances migrating similarly to ribose, arabinose, glucose, and ga- 
lactose were found in the hydrolysate. Moreover, the ratio of the result- 
ant sugars, as indicated by the intensity of the spots on the chromatogram, 
was similar and independent of the carbon source. In certain experiments, 
small amounts of a component migrating at the same rate as lactose ap- 
peared. It was shown that this component accumulated during the 
hydrolysis procedure. Thus in Fig. 2 this compound was present on the 
chromatogram of the fraction hydrolyzed for 15 minutes but was not 
detected in the unhydrolyzed sample or when that sample was hydrolyzed 
for 1 hour. To identify this sugar more positively, this substance was 
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separated from others by paper chromatography, was hydrolyzed, and the 
products identified by rechromatographing. As indicated in Fig. 3, glucose 
and galactose were present in about equal proportions. This is considered 
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Fig. 2 Fic. 3 

Fig. 2. Sugars liberated by acid hydrolysis of alcohol-precipitable carbohydrate 
extracted from L. bulgaricus Gere A. Dried cell preparations were extracted with 
5 parts of 15 per cent trichloroacetic acid (TCA), followed by three extractions with 
5 parts of 10 per cent TCA. These fractions were combined and 2 volumes of alcohol 
were added. The precipitate was collected by centrifugation, washed with 50 per 
cent alcohol, and dried. Suitable fractions were hydrolyzed as shown by heating 
with 1 n H: SO. at 100° for the time indicated. Identification of the sugars was made 
by paper chromatography after neutralization and precipitation of the sulfate with 
barium hydroxide. The spots appearing on the original chromatograms were out- 
lined and their relative intensity approximated for reproduction. High, intermedi- 
ate, and weak intensities are indicated by solid, shaded, and open spots respectively. 

Fic. 3. Hydrolysis products of the compound which accumulates on partial hy- 
drolysis of alcohol-precipitable carbohydrates isolated from L. bulgaricus Gere A. 
This fraction was separated from other sugar components by paper chromatography, 
extracted from the paper with water, hydrolyzed 1 hour in 1 1.80, at 100°. After 
neutralization and precipitation of sulfate with barium hydr..xide, the fraction was 


concentrated by lyophilization. The sugars were extracted into pyridine and chro- 
matographed. 


strong evidence for the existence of lactose as a constituent of a more 
complex substance present in both unadapted L. bulgaricus Gere A and in 
cells modified to grow on glucose and galactose. 
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Uridine-Diphosphoglucose in Metabolism of L. bulgaricus Gere A—It was 
observed (Fig. 4) that, if a culture of L. bulgaricus Gere A were adapted to 
grow on glucose, it would also grow at a slower rate on galactose. The 
addition of a UDPG concentrate to the galactose-containing medium en- 
hances growth appreciably. Uridine or additional uracil added to the 
medium was without effect. Furthermore, resting cell suspensions pro- 
duced little acid from galactose but, when UDPG was added to the medium, 
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Fia. 4 . 

Fic. 4. Effect of uridine and uridine-diphosphoglucose on galactose utilization 
by cultures of L. bulgaricus Gere A which are adapted to grow on glucose. 1 drop 
of the inoculum described in Fig. I was added to the medium containing either glucose, 
galactose, galactose plus 100 gm. of uridine, or galactose plus 100 units of UDPG. 
The growth curves with galactose alone and galactose plus uridine were identical. 
The experimental procedure is similar to that described in Fig. 1. 

Fic. 5. Effect of uridine and uridine-diphosphoglucose on the production of acid 
from galactose by a resting cell preparation of a culture of L. bulgaricus Gere A 
adapted to grow on galactose. The experimental procedure is similar to that de- 
scribed in Fig. 1. 


a marked stimulation in acid production was observed. In this case, uri- 
dine also caused a stimulation but it was much less marked. A similar 
effect was noted with resting cell suspensions from cultures of this or- 
ganism adapted to grow on galactose (Fig. 5). When UDPG was added 
with galactose to the resting cell suspension, acid production proceeded at 
a faster rate than when galactose was added singly or with uridine. 

These initial observations prompted an attempt to investigate the nu- 
tritional significance of UDPG and related compounds in this microor- 
ganism. ‘Table II illustrates the results of attempts to grow this organism 
in purified medium with various uracil derivatives. After a lag period of 
about 72 hours, the presence of UDPG allowed a slow growth response. 
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Uridylic acid was less effective but also active. The addition of pyridoxal 
phosphate or succinate, which are inactive themselves, stimulated growth 
when added with UDPG or uridine. After a further incubation of about 
50 hours, it was apparent that orotic acid, uridine, or vitamin Bi: also 
elicited a slow growth response. A second transfer of the culture grown in 


II 
Growth of L. bulgaricus Gere A in Purified Medium with Addition of Various Uracil 
Derivatives 
Each value represents the average of duplicate tubes. The concentration per 
tube of the compounds to be tested for growth-promoting activity was as follows: 
L. bulgaricus factor (LBF) 5 units, pyridoxal phosphate (PP) 20 y, vitamin Bu 2 5, 
uracil 100 , orotic acid 100 , uridine 100 , uridylie acid 100 , succinic acid 100 5, 
uridine-diphosphoglucose (UDPG) 10 units. The concentration of each vitamin 
was increased approximately five times in the tubes with excess vitamins. For the 
inoculum, cells were grown on the medium of Snell et al. (1), washed three times in 


sterile saline, and diluted to the initial concentration. 1 drop was used to inoculate 
each tube. 
Optical density 
Tye Tube contents Original transfer — 
days | 4 days 6 days days A days: — 
— |——| ——|-— 
1 | Basal medium 0 | 0 | 0 0.12 0.20 0.68 
2 ‘+ LBF 0 0 | 0 0.13 0.19 0.62 
3 „ + “ + excess vitamins 10 
4 „ . vitamin Bi: 0 0 | 0.18 | 0.18 0.30 0.50 
+ „ + uracil 0 (0 | 
6 “ + “ + orotic acid 0 0 | 0.25 
7 “ + “ + uridine |o | 0.27 
8 “ + “ + uridylic acid 0 0.01 0.46 0.11 0.12 0.58 
9 + PP, 0.01 0.08 | 0.74 0.11 0.12 0.50 
10 “+ “ + UDPG 0.03 0.18 0.77 0.25 0.46 0.78 
11 Ü'wä 0.05 0.25 0.90 0.20 0.48 0.85 


the presence of UDPG showed that these cells retained the capacity to 
grow on lactose and not initially on glucose or galactose or mixtures of the 
two. They did not, however, maintain an absolute requirement for UDPG 
or related compounds, although UDG still produced a growth stimula- 
tion (Table II). 

Similar experiments were carried out with the carbohydrate source pro- 
vided by glucose, and the inoculum provided by a thrice washed suspension 
of a culture adapted to grow on glucose; in this case, after a lag period of 
120 hours, growth occurred only in the tubes in which UDPG was present. 
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The observations presented here indicate that with L. bulgaricus Gere A 
the ability of a cell to metabolize a sugar readily does not necessarily mean 
that that cell can utilize this sugar for growth. Modification of the culture 
to permit growth on glucose or galactose could perhaps involve other sys- 
tems than those directly concerned with metabolism for energy purposes. 
The similarity of the complex carbohydrates extracted from unadapted 
cells and from cells adapted to grow upon glucose or galactose suggests, as 
one possibility, that the formation of a polysaccharide (perhaps a morpho- 
logical constituent of the cell) is also essential for growth. Thus, the un- 
adapted cell would produce this polysaccharide from lactose or certain 
8-galactosides by enzymes, the specificity of which would not allow the 
participation of glucose or galactose. Adaptation to growth on glucose or 
galactose would then primarily be the production or modification of en- 
zymes within the cell to utilize these compounds in the synthesis of the 
essential carbohydrate components. 

Although the enzymes necessary to utilize lactose by way of its hy- 
drolysis products were found in cellular extracts of unadapted L. bulgaricus 
Gere A, the existence of a phosphorolysis or another direct“ manner of 
lactose utilization and synthesis is not precluded by these observations. 
Since lactose was present, at least in a combined form, in the carbohydrates 
of cells adapted to glucose or galactose, its synthesis is indicated. The fact 
that resting cell suspension of this organism which utilizes 8-galactosides 
produced acid from a-galactose-1-phosphate is interesting in this regard. 
Previously it has been suggested that g- galactose-I- phosphate would be 
the logical precursor of lactose (21). A study of the stereochemical specific- 
ity of enzymes acting upon galactose in these extracts may lend informa- 
tion concerning this process. 

The unexpected observation that lactose is present in a combined form 
in cells adapted to grow on glucose and galactose is interesting in regard to 
the findings of Caputto and Trucco (22), Malpress and Morrison (23), and 
Rutter and Hansen (24) relating to the isolation of complex substances 
containing lactose from the mammary gland. The hydrolysis procedures 
used in the experiments reported herein permitted only minimal recovery 
of lactose. Therefore, much of the glucose and galactose observed to ac- 
cumulate on hydrolysis of the cellular “polysaccharides” might have orig- 
inally been combined in lactose units. The significance of the existence of 
this disaccharide in cellular carbohydrates is not as yet completely under- 
stood. 

Since UDPG stimulated acid production from galactose by cell suspen- 
sions, it is considered that this compound is involved in the utilization of 
galactose by this microorganism. This fact is understandable since UDPG 
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is the coenzyme of galactowaldenase which facilitates the conversion of 
galactose-I- phosphate to glucose-l-phosphate (20). With regard to the 
experiments on the growth of this microorganism in a purified medium, 
during the long lag period before growth started undoubtedly modification 
or selection of the culture occurred. Moreover, for an optimal growth rate 
other factors were apparently needed, but nevertheless, under these con- 
ditions at least, UDPG or less effectively uridylic acid initiated growth in 
a synthetic medium. It appears that either another adaptation or the 
selection of a variant found still less frequently was necessary for the 
inoculum to grow in the presence of uridine or vitamin BI. Since uracil 
itself did not initiate growth in the synthetic medium, vitamin Bi: may be 
operative, at least in part, in synthesis beyond the pyrimidine moiety. 

It is not clear whether the function of UDPG or compounds which have 
close structural similarity is restricted to the providing of the coenzyme for 
the conversion of galactose-1-phosphate to glucose-1-phosphate, or whether 
these compounds have a more general significance in this microorganism. 
The fact that UDPG is also required by this organism when adapted to 
and grown on glucose could indicate the importance of galactose or lactose 
or mixtures of the two even in the adapted organism, or another function 
of UDPG and related compounds in this organism, or both. Since the 
uridine-diphosphate derivatives isolated by Park in Staphylococcus aureus 
(25-27) contained peptides, the possibility is allowed that these compounds 
may also operate in peptide linkage synthesis. The recent reports of Kihara 
et al. (28) and Kihara and Snell (29) on the requirements of peptides for 
growth of Lactobacillus casei make it tempting to wonder whether this or- 
ganism has a peptide requirement which could alleviate the apparent re- 
quirement of UDPG and related compounds of initiation of growth. 


SUMMARY 


1. Resting cell suspensions of cultures of Lactobacillus bulgaricus strain 
Gere A, which would grow on lactose but not glucose and galactose, actively 
produced acid when incubated with glucose or galactose, or mixtures of 
the two, or a-galactose-I- phosphate, but not from a- or 8-glucose-1-phos- 
phate, 8-galactose-1-phosphate, or glucose-6-phosphate. Unadapted cul- 
tures of this organism could not utilize any of the a- or 8-galactose-1-phos- 
phates or a- or 8-glucose-1-phosphates for growth. 

2. Attempts to identify an enzyme in these extracts which could phos 
phorylize lactose were unsuccessful. Cell- free extracts of unadapted I. 
bulgaricus (growth on lactose only) contained lactase activity, galactokin- 
ase activity, and hexokinase activity. 

3. Hydrolysates of alcohol-precipitable carbohydrates extracted from 
various cultures of L. bulgaricus Gere A contained ribose, arabinose, glu- 
cose, galactose, and lactose. 
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4. UDPG stimulated the production of acid from galactose by resting 
cell suspensions of L. bulgaricus Gere A which had been modified to grow 
on glucose or galactose. UDPG stimulated growth of cultures of this 


microorganism adapted to grow on glucose when grown in a partially puri- 
fied medium with galactose as the carbohydrate source. 

5. UDPG or less effectively uridylic acid, especially in the presence of 
pyridoxal phosphate, initiated growth in a completely synthetic medium 
but only after a lag period. After a longer period of incubation, uridine, 
orotic acid, or vitamin B.: elicited growth of this organism. Uracil was 
without effect under the conditions tested. 
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LACTOSE METABOLISM 


II. THE CONVERSION OF GALACTOSE TO GLUCOSE DERIVATIVES IN 
LACTOBACILLUS BULGARICUS STRAIN GERE A* 
By W. J. RUTTER anv R. G. HANSEN 
(From the Laboratory of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 
(Received for publication, November 10, 1952) 


Extracts of certain galactose-utilizing yeasts can transform galactose 
to glucose-6-phosphate in the presence of adenosinetriphosphate (ATP). 
The following reactions have been demonstrated to participate in this 
conversion (1, 2). 


(a) Galactose + ATP — galactose-1-phosphate + ADP. 
(b) Galactose-I- phosphate — glucose-1-phosphate 
e) Glucose- I- phosphate glucose-6-phosphate 


The enzyme which facilitates Reaction a, the transphosphorylation be- 
tween ATP and galactose, has been termed galactokinase. The enzymes 
catalyzing Reaction b have been designated variously as galactowaldenase 
by Caputto et al. (2) and phosphogalactoisomerase by Garner and Grannis 
(3). Cardini et al. (4) have shown that Reaction b requires a coenzyme 
which they have (5) demonstrated to be uridine-diphosphoglucose (UDPG). 
Reaction c is facilitated by the classical phosphoglucomutase enzyme of 
glycolysis. 

The observations presented here are concerned with the demonstration 
of Reactions a, b, and c in cell-free extracts of Lactobacillus bulgaricus 
strain Gere A (6). Certain properties of these enzymes have been studied, 
in particular their stereochemical specificity, with regard to the configura- 
tion of their substrates at carbons 1 and 4. The occurrence of UDPG in 
animal tissues is also considered. 

Methods 


Chemical Preparations—Purified phosphoglucomutase, UDPG, a- and 
3-galactose-1-phosphates, a- and 8-glucose-1-phosphates, and galactose-6- 
phosphate were the same preparations as described previously (7). 

Preparation of Cell-Free Extracts—Quantities of L. bulgaricus Gere A 
were grown in the medium suggested by Snell et al. (6). Cell-free extracts 

* Supported in part by a grant from the United States Atomic Energy Commis- 
sion (contract No. AT(11-1)-67, project No. 10). 

ADP, adenosinediphosphate. 
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were prepared by sonic oscillation as previously described (7). Centrifuga- 
tion of the opalescent solution from the sonic oscillation at 18,000 x g 
yielded a clear supernatant fluid which was used in the subsequent studies, 

Assays—In the systems studied, glucose-6-phosphate was allowed to 
accumulate from the appropriate substrate by the addition of needed en- 
zymes and cofactors in excess except the one to be assayed. The equilib. 
rium under these conditions favors the formation of glucose-6-phosphate 
which can be differentiated from the substrate chemically or enzymatically, 
the rate of its accumulation was therefore used as an assay for the enzyme 
or coenzyme in question. 

Phosphoglucomutase—In the presence of adequate glucose-1 ,6-diphos- 
phate and of excess glucose-l1-phosphate, the accumulation of glucose-6- 
phosphate may be taken as a function of phosphoglucomutase activity. 

Galactowaldenase—In the presence of adequate UDPG, excess phospho- 
glucomutase activity, and galactose-1-phosphate, glucose-6-phosphate ac- 
cumulates in proportion to galactowaldenase. 

Galactokinase—In the presence of excess ATP, galactose, galactowalden- 
ase, UDPG, and phosphoglucomutase activity, formation of glucose-6- 
phosphate is proportional to the galactokinase activity. Because in many 
crude extracts glucose-6-phosphate may be formed by other reactions than 
by transphosphorylation with galactose, a control was run with all the 
components in the assay but galactose present. The difference between 
the activity with galactose and without galactose was then taken as reflect- 
ing hexokinase activity. 

Uridine-Diphosphoglucose—In the presence of excess galactose-1-phos- 
phate, galactowaldenase, and phosphoglucomutase activity, the accumula- 
tion of glucose-6-phosphate, on addition of a UDPG-containing solution, 
is directly proportional to the UDPG present in that solution. 

Detection of Glucose-6-phosphate—Inasmuch as the substrates of the above 
reactions all contain acid-labile phosphorus esters, and glucose-6-phosphate 
is acid-stable, the above enzymes and coenzymes can be estimated by the 
disappearance of acid-labile phosphorus. This assay is not specific for 
glucose-6-phosphate but measures the accumulation of any acid-stable 
organic phosphate, and therefore is particularly useful in crude prepara- 
tions which contain other enzymes which act upon glucose-6-phosphate; 
e. g., phosphohexoisomerase. It also was found convenient to estimate the 
glucose-6-phosphate which accumulated on incubation by adding Zwischen- 
ferment and measuring the reduction of triphosphopyridine nucleotide 
(TPN) in the Beckman spectrophotometer at 340 mu after the reaction 
had been stopped by boiling. A direct measurement of TPN reduction 
was not practical in crude extracts apparently because of the presence of 
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Units The unit of activity for the enzymes and coenzymes mentioned 
above is defined as that amount which will cause the formation of 1 us of 
glucose-6-phosphate in 10 minutes under the conditions of the assay. 

Results 


Presence of Galactokinase and Galactowaldenase in Extracts of L. bulgaricus 
Gere A—Fig. 1 illustrates the presence of galactowaldenase in these extracts 


| 


| 


8 


JIM PHOSPHORUS STABILIZED 


0.02 0.06 0.10 
ML L. BULGARICUS EXTRACT 
Fic. 1. Conversion of a-galactose-1-phosphate to glucose-6-phosphate by extracts 
of L. bulgaricus Gere A. Each assay tube contained 0.1 ml. of a-galactose-1-phos- 
phate (20 um per ml.), 0.1 ml. of rabbit muscle phosphoglucomutase (about 20 units 
per ml.), 0.1 ml. of UDPG (about 50 units per ml.), 0.1 ml. of Tris buffer, pH 7.0, and 
aliquots of an extract of L. bulgaricus Gere A. Water was added to a final volume 
of 05 ml. The activity was estimated by the disappearance of 7 minute acid- 


labile phosphorus. 


and the precision of its assay. Galactokinase was also demonstrated in the 
extracts (Table I). The extract itself provided an excess of galactowal- 
denase activity for the assay. Incubation of the extracts with galactose- 
6-phosphate did not produce accumulation of glucose-6-phosphate as meas- 
ured by reduction of TPN in the presence of Zwischenferment. 

Specificity of Phosphoglucomutase and Galactowaldenase—Phosphogluco- 
mutase is known to facilitate the conversion of a- glucose-I- phosphate to 
glucose-6-phosphate. There have been no published reports, however, on 
the specificity of this enzyme with regard to other hexose phosphates. 
We have investigated the relative ability of the a- and §-glucose- and 
galactose-1-phosphates to be acted upon by purified muscle phosphogluco- 
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mutase preparation and also by extracts of L. bulgaricus Gere A which do 
not contain UDPG (and hence the galactowaldenase present is inactive). 


Tas.e I 
Galactokinase Activity in Extracts of L. bulgaricus Gere A 
Each assay tube contained 0.1 ml. of rabbit muscle phosphorylase, 0.1 ml. of ex- 
tract of L. bulgaricus containing about 20 units of galactowaldenase activity per 
ml., 0.1 ml. of UDPG (about 50 units per ml.), 0.1 ml. of ATP (50 um per ml.), and 
0.1 ml. of either H,O or galactose (50 um per ml.). The activity was estimated by 
the disappearance of acid-labile phosphorus. 


Preparation No. Additions —— ted per 10 Units per al 
uM 
1 ATP 6.7 
Galactose + ATP 5.4 1.3 13 
2 ATP 4.6 
Galactose + ATP 2.9 1.7 17 


-G — 


PHOSPHOGLUCOMUT. 
L.BULGARICUS EXTRACT 


—— 


Fic. 2. Specificity of phosphoglucomutase obtained from rabbit muscle and from 
extracts of L. bulgaricus Gere A with regard to configuration of substrate at carbons 
land 4. Each assay tube contained 0.1 ml. of Tris buffer, pH 7.0, and either 0.1 ml. 
of rabbit muscle phosphoglucomutase or 0.1 ml. of a UDPG-free L. bulgaricus Gere 
A extract, in addition to 0.1 ml. of a 20 um per ml. solution of the phosphate esters to 
be tested for activity. Water was added to a final volume of 0.5 ml. The activity 
was estimated by the stabilization of 7 minute acid-labile phosphorus. 


Fig. 2 demonstrates that both preparations acted only upon a-glucose-l- 


phosphate. 
Fig. 3 shows that extracts containing galactowaldenase and phospho- 
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Fic. 3. Specificity of conversion of galactose-1-phosphate to glucose-6-phosphate 
inextracts of L. bulgaricus Gere A. Each assay tube contained 0.1 ml. of Tris buffer, 
pH 7.0, 0.1 ml. of extract from L. bulgaricus Gere A, O. I ml. of rabbit muscle phospho- 
glucomutase (about 20 units per ml.), 0.1 ml. of UDPG (about 50 units per ml.), 0.1 
ml. of H,O, and 0.1 ml. of a 20 wt per ml. solution of the phosphate ester to be assayed 
in this system. The activity was estimated by the disappearance of 7 minute acid- 
labile phosphorus. 


002 0.06 alo 
ML U.0.PG. 

Fic. 4. Effect of uridine-diphosphoglucose on conversion of a-galactose-1-phos- 
phate to glucose-6-phosphate in extracts of L. bulgaricus Gere A. Each assay tube 
contained 0.1 ml. of Tris buffer, pH 7.0, a-galactose-1-phosphate (10 u per ml.), 
0.1 ml. of rabbit muscle phosphoglucomutase (about 20 units per ml.), 0.1 ml. of 
cell-free extract from L. bulgaricus Gere A, besides aliquots of UDPG, with H,O 
added to a final concentration of 0.5 ml. Conversion of a-galactose-1-phosphate to 
glucose -6-phosphate was followed in this case by the disappearance of 7 minute acid- 
labile phosphorus. 
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glucomutase acted only upon a-glucose-l-phosphate and a- galactose- l 
phosphate. The 8-phosphate esters were inactive. The fact that a-glu- 
cose-I- phosphate was transformed to an acid-stable ester at a faster rate 


Tant II 
Uridine-Diphosphoglucose Content of Tissue 

Each assay tube contained 0.1 ml. of a-galactose-1-phosphate (20 um per ml.), 0.) 
ml. of rabbit muscle phosphoglucomutase (about 20 units per ml.), 0.1 ml. of UDPG. 
free extract of L. bulgaricus Gere A (about 20 units per ml.), 0.1 ml. of boiled ® 
per cent homogenate (KCl), and 0.1 ml. of H:O. The activity was estimated by 
the disappearance of acid-labile phosphorus. 

The values are given in units per 0.1 ml. of homogenate. 


Rat mammary gland Rat liver | Chicken liver 
0.22 0.20 0.22 
0.22 0.20 0.20 
0.20 0.22 0.10 
0.36 0.12 0.20 
0.20 0.20 
0.16 0.20 


Taste III 

Effect of Galactose Ingestion on Uridine-Diphosphoglucose Content of Chick Liver 

Each assay tube contained 0.1 ml. of a-galactose-1-phosphate (20 um per ml.). 
0.1 ml. of rabbit muscle phosphoglucomutase (about 20 units per ml.), 0.1 ml. of 
UDPG-free extract of L. bulgaricus Gere A (about 20 units per ml.), 0.1 ml. of a 
boiled 20 per cent chicken liver homogenate (KCl), and 0.1 ml. of H. O. UDPG 
activity was then estimated by decrease in acid-labile phosphorus. 

The values are given in units per 0.1 ml. of homogenate. 


Galactose in diet 
None 1S per cent 20 per cent 
R 16 28 6 
„ determinat ions 7 12 2 
ͤ 0. 26-0. 30 0.45-0.62 0.55-0.62 
˙ 0.32 0.53 0.58 


— 


than a- galactose-I- phosphate illustrated that phosphoglucomutase was in 
excess in this assay system. 

Presence of UDPG in Various Tissues—By the use of the galactowal- 
denase enzyme present in the extracts of L. bulgaricus Gere A, it was 
possible to assay for UDPG content by using extracts free of UDPG. A 
standard curve illustrating the validity of assay conditions is shown in 
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Fig. 4. Table II shows the UDPG content of samples from livers of rats 
and chickens and from the mammary glands of rats. There was little 
difference in the UDPG content of a tissue actively concerned with the 
formation of galactose and of tissues which were not. It was possible to 
demonstrate, however, that the inclusion of galactose in the diet of chickens 
increased the UDPG content of their livers (Table III). 


The mechanism of conversion of galactose to glucose derivatives in the 
case of extracts from L. bulgaricus Gere A may be written as follows: 


(a) Galactose + ATP — a-galactose-1-phosphate + ADP 
(b) a-Galactose-1-phosphate — a-glucose-1-phosphate 
le) Glucose- I- phosphate glucose G- phosphate 


Since the specificity of the enzymes used to assay galactokinase (Reac- 
tion a) required a-galactose-I- phosphate, it follows (since galactokinase 
activity was demonstrated to be present) that at least one of the products 
of the reaction was a-galactose-I- phosphate. It is possible that 8-galac- 
tose-1-phosphate was formed also. In this case there could logically be an 
enzyme for the interconversion of the a and 8 isomers. No enzyme such 
as this could be detected in these extracts (8-galactose-l-phosphate was 
completely inactive). The substrate for galactokinase may be either a- or 
8-galactose since phosphorylation could occur either by a simple trans- 
esterification reaction in which inversion would not be expected to occur, 
or, for example, by an SN; (bimolecular nucleophilic) type reaction in 
which inversion would be expected to occur. 

The presence of UDPG in various animal tissues at similar concentration 
ranges confirms the report of Caputto et al. (5). The fact that the UDPG 
level of the liver of the chicken increases upon the ingestion of galactose 
suggests that systems similar to galactowaldenase are present in animal 
tissues. However, efforts to demonstrate the presence of this enzyme in 
various animal tissues have not been entirely satisfactory. Incubation of 
homogenates of chicken liver, rabbit liver, the livers from nursing rats, or 
rat mammary glands with a-galactose-l-phosphate has not consistently 
yielded stabilization of acid-labile phosphate or accumulation of glucose-6- 
phosphate as assayed by reduction of TPN in the presence of Zwischen- 
ferment. It is true that the presence of other enzymes may interfere with 
this assay; however, the galactowaldenase activity of L. bulgaricus Gere A 
extracts remained constant whether incubated in the presence or in the 
absence of mammary gland homogenates, thus indicating the absence of 
interfering factors in these homogenates. 
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SUMMARY 


1. The enzymes galactokinase and galactowaldenase were demonstrated 
to occur in extracts of Lactobacillus bulgaricus Gere A. 

2. Phosphoglucomutase of muscle and of L. bulgaricus extracts acted 
only upon a-glucose-l-phosphate; g- glucose-I- phosphate and a- and 8. 
galactose-I- phosphate were not acted upon. 

3. The galactowaldenase present in these extracts catalyzed the conver. 
sion of a-galactose-1-phosphate to a- glucose-I- phosphate. The 8 isomers 
were completely inactive. 

4. a-Galactose-1-phosphate was a product of galactokinase activity in 
these extracts. 

5. Uridine-diphosphoglucose was found to be present in various tissues 
in rat liver, rat mammary gland, and chicken liver. The ingestion of ga- 
lactose by chickens was observed to increase markedly the concentration 
of this compound in their livers. 
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THE RIBOFLAVIN-SPARING ACTION OF ATABRINE 


By K. GUGGENHEIM AND R. SHAMIR-ZERNIK 


(From the Laboratory of Nutrition, The Hebrew University-Hadassah Medical School, 
Jerusalem, Israel) 


(Received for publication, October 21, 1952) 


Experiments carried out on rat tissues have shown that the antimalarial 
drug atabrine inhibits p-amino acid oxidase and diaphorase (1, 2) and that 
it prevents the combination of the apoenzyme of cytochrome reductase 
with riboflavin phosphate (3). The inhibition is competitively antago- 
nized by flavin-adenine nucleotide (2) or by riboflavin phosphate (3). In 
view of the wide-spread occurrence of flavin-containing coenzymes, experi- 
ments were undertaken in order to determine whether such an antagonism 
could also be demonstrated in intact animals. If the antagonism in fact 
exists, an increase in the riboflavin requirement of atabrine-treated animals 
would be expected. This paper reports the results of a study on the effect 
of chronic atabrine administration on the metabolism of riboflavin in rats. 


Methods 


Male rats were kept on a diet of the following per cent composition: rice 
starch 73, casein (vitamin-free) 18, olive oil 5, salt mixture 4. To each 100 
gm. of the diet the following substances were added: 0.2 mg. of thiamine 
hydrochloride, 0.1 mg. of pyridoxine, 1.6 mg. of calcium pantothenate, 5.0 
mg. of nicotinic acid, 0.25 mg. of folic acid, and 100.0 mg. of choline chlo- 
ride. Each rat received 100 i.u. of vitamin A and 4 i.u. of vitamin D 
twice weekly. The atabrine-containing diet was supplemented with 800 
or 400 mg. of atabrine per kilo of ration. The control rats of each experi- 
ment were pair-fed with the atabrine-treated rats. 

The riboflavin content of urine, feces, muscle, and liver was determined 
microbiologically (4). Atabrine in the concentrations used was found not 
to interfere with the growth response of Lactobacillus casei to riboflavin. 
Urinary nitrogen was determined by the Kjeldahl method. 


Results 


Experiment I Four groups of weanling rats were maintained on the 
nboflavin-free diet for 6 weeks. A daily supplement of riboflavin was 
given per os in 0.1 ml. of water in the following amounts: twelve rats, 50 
un twenty-four rats, 20 7; thirty-six rats, 10 y; one group (thirty-six 
rats) did not receive any riboflavin supplement. One-half of each group 
was fed the experimental diet with 800 mg. of atabrine per kilo of diet, the 
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other half serving as controls. At the end of the 2nd and 4th weeks, the 
urine of each rat was collected over a period of 3 days and its riboflavin 
content determined. At the end of the experiment all the rats were killed 
and their livers and muscles examined for riboflavin. The results are given 
in Table I. 

Table I shows that in all groups of rats which received a riboflavin 
supplement the untreated animals gained more in weight than did the 
atabrine-treated rats. In the group receiving no riboflavin supplement, 
however, a greater weight increase was found with the treated rats. Ata- 
brine-treated rats, after 2 and 4 weeks on the diet, excreted 2 to 3 times as 


Taste I 
Effect of Atabrine on Growth, Urinary Riboflavin Ezcretion, and Riboflavin Content 
of Liver and Muscles of Young Rats 
4s * 

No $3 872 Urinary riboftavint per day | Ribofavin content bent Ribotaris 
* day |S Atter 2 wks. | After wks Total Per gm. mit 
7 ge. 7 7 7 7 7 
18} — | 05.2 18 [2.1 + 0.33)1.1 + 0.37) 56+ 5. 2 & 7.1/2.3 + 0.0 
18} + 05.2 25 {1.7 + 0.61/1.4 + 0.52) 52 + 8. 8 + 8.5/2.5 + 0.9 
18 — | 10 | 5.8 | 38 1.4 + 0.71/1.5 + 0.76) 82 + 19. 4 + 2.91.6 + 0.47 
18; + 105.8 24 5.7 + 2.83/5.9 + 3.05] 68 + 16. O & 4.2/2.1 + 0.0 
121 — 206.9 42 3.0 & 1. O + 1.28 80 + 6. 6 + 3.52.0 + 0.4 
12} + 206.9 35 6.1 + 2. O0 + 2.27 79 + 10. .O + 1.5/2.4 + 0.4 
6 — 507.1 53 3.7 & 1. 3 & 0.810128 + 14. 14 2.82.5 + 0.0 
6 + 507.1 33 6.8 & 2.17 9.2 + 2.81119 + 12. + 4.3/2.6 + 0.75 

* 800 mg. per kilo of diet. 

Mean and deviation. 

t After 6 weeks on diet. 


much riboflavin in the urine as did the controls receiving the same amount 
of riboflavin but no atabrine. In the absence of supplementary riboflavin, 
atabrine-treated and untreated rats excreted approximately equal amounts 
of riboflavin. It is interesting to note that the high level of excretion of 
riboflavin in atabrine-treated rats does not lower the level of this vitamin 
in the body. The amount of riboflavin in liver and muscle, which accord- 
ing to Sure (5) represents about two-thirds of the total riboflavin of the 
organism, was not reduced, even after prolonged atabrine treatment. The 
riboflavin content of the liver was found to be dependent only on the 
intake, whereas no marked differences in the riboflavin content of muscle 
were noted in the different groups. 

In order to establish whether or not atabrine increases the urinary excre- 
tion of riboflavin by stimulating the synthesis of intestinal riboflavin, the 
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riboflavin content of the feces of atabrine-treated and untreated rats re- 
ceiving various doses of riboflavin was determined. The results obtained 

on the pooled feces of three rats in each group which were collected over a 
period of 3 days are presented in Table II. 

It may be seen from Table II that the feces of the atabrine-treated and 
untreated rats contained equal amounts of riboflavin. Moreover, ribo- 
flavin supplements do not increase the riboflavin content of the feces, thus 
confirming an earlier report of Obermeyer, Wurtz, and Emerson (6). 

Our experiments on the excretion of riboflavin lend support to the view 
that atabrine exerts a sparing effect on riboflavin. If this view is correct, 
then rats receiving suboptimal amounts of riboflavin would be expected to 
show a greater weight increase if treated with atabrine. This effect was 


II 
Riboflavin Content of Feces of Rats Fed Normal and Atabrine-Containing Diets 
Atabrine® Food intake per day | Riboflavin intake per day K 
*. 7 7 
— 5.2 0 1.6 
+ 5.2 0 | 1.8 
— 5.8 10 i 1.7 
+ 5.8 10 1.6 
— 6.9 20 1.5 
+ 6.9 20 2.0 


* 800 mg. per kilo of diet. Six rats in each group. 


actually found to occur to a small degree with rats receiving no riboflavin 
(Table I). Rats receiving riboflavin, however, showed smaller increases in 
weight when treated with atabrine; in no instance did the gain in weight 
during the 6 week period approach normal. Presumably growth failure 
was due to the toxicity of atabrine. A similar experiment with a lower 
concentration of atabrine was, therefore, performed. 

Experiment 2—In Experiment 2 the atabrine content of the diet was 
reduced to 400 mg. per kilo of ration. Four groups of young rats, each 
comprising twelve animals, were offered the riboflavin-free diet with small 
supplements of riboflavin: 0, 2.5 y, 5.0 , and 7.5 , respectively, per day. 
Six rats in each group received atabrine, the remaining six rats serving as 
controls. At the end of the 6 week experimental period, the weight in- 
creases were recorded and 3 day urinary riboflavin excretion and liver 
riboflavin content were determined. The results obtained are presented in 
Table III. 

It may be seen from Table III that atabrine administered at a low, non- 
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toxic level improves the growth of rats receiving less than 5 + of riboflavin 
per day. With higher doses of riboflavin (5.0 to 7.5 y per day) the same 
weight increase was found for atabrine-treated and untreated rats. In 
order to evaluate statistically the effect of atabrine on the growth of rats 
given the lower levels of riboflavin, the treated and untreated rats of the 
two groups were paired at random and the weight increase as per cent of 
the initial body weight of each untreated rat was compared with that of s 
paired treated rat. It was found that the increase in weight of the ata- 
brine-treated rats was 23 per cent greater than that of the untreated rats 
(standard deviation, 24.8 per cent; standard error, 7.1 per cent). The 


Tan III 
Effect of Atabrine on Growth, Urinary Riboflavin Excretion, and Riboflavin Content 
of Liver of Young Rats 
| Weight Riboflavin content of livert? 
Ata- | Riboflavin Food intake Urinary riboflavin 
brine“ per day | per day per dayt? — 7 — 
7 | gm. gm. 
— 0 | 4.3 8 1.1 + 0.31 
+ 0 | 4.2 13 1.0 + 0.52 
— 2.5 5.0 16 0.9 + 0.47 324 4.1 12.0 + 2.7 
+ 2.5 5.0 27 1.6 + 0.75 36+ 8.1 13.7 + 3.6 
— 5.0 5.2 20 1.7 + 0.50 40+ 7.6 14.5 + 2.1 
+ 5.0 5.2 19 3.5 + 2.28 482 4.3 15.5 + 1.8 
— 7.5 5.7 25 1.2 + 0.21 53 + 10.6 18.2 + 4.3 
+ 7.5 | 5.7 24 2.7 + 0.71 53 + 11.1 20.5 + 2.3 
* 400 mg. per kilo of diet. Six rats in each group 
Mean and standard deviation. 
After 6 weeks on diet. 


probability that this effect was due to chance proved to be 1:727 (0.14 per 
cent). 

As in Experiment 1 the atabrine-treated rats receiving riboflavin ex- 
creted much more riboflavin in the urme than did the untreated animals, 
whereas the liver riboflavin content was found to be dependent on the ribo- 
flavin intake, atabrine being without any influence. 

It may be concluded that atabrine administered at non-toxic levels exerts 
a sparing action on riboflavin, promotes the growth of rats receiving sub- 
optimal amounts of the vitamin, and increases the excretion of riboflavin 
in the urine. 

Experiment 3—Since it is known that only minute amounts of free ribo 
flavin exist in the body and that the bulk of the tissue riboflavin is com- 
bined with protein, it may be assumed that excess riboflavin in the urine 
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must be derived from the breakdown of flavoprotein. Thus a high rate of 
excretion of riboflavin has been found to be associated with a negative 
nitrogen balance, and a diminished riboflavin excretion with nitrogen reten- 
tion (7-9). An experiment was therefore performed to determine whether 
or not the high rate of excretion of riboflavin induced by atabrine is associ- 
ated with a high excretion of nitrogen. In contrast to the previous experi- 
ments, this one was carried out with adult non-growing rats weighing about 
250 to 300 gm. ‘Two groups of six rats were placed on the basal diet; one 
group received atabrine and the other group was untreated. Urine was 
collected over a period of 3 days at the end of the 2nd, 4th, and 6th weeks, 
and the nitrogen and riboflavin content determined. At the end of the 


TasBie IV 
Effect of Atabrine on Weight, Urinary Nitrogen and Riboflavin, and on Riboflavin 
Content of Liver of Adult Rats 

The six rats of each group were pair-fed. 
3 

E 12 Urinary riboflavin per day Riboflavin content of liver: 

27 

HEE After 2 wks. | After 4 wks. | After 6wks. | Total Per gm. 
—| 21 1522.9 + 0.74/3.0 + 0.943.1 + 0.853.0 + 0.80/125 + 22.519.5 + 3.1 
＋ 26 1624.9 + 0.564.3 + 2.127.8 + 6.485.7 + 4.00/148 + 42. 5 + 7.5 


— 


400 mg. per kilo of diet. 
Mean and standard deviation. 
: After 6 weeks on diet. 


6th week the animals were killed and their livers examined for riboflavin. 
Table IV presents the results. 

Table IV shows that atabrine-treated rats, even in the absence of supple- 
mentary riboflavin, also excrete significantly more riboflavin in the urine 
than untreated animals. However, no marked difference was found in the 
mean nitrogen excretion of the two groups or in their weight loss. It 
appears, therefore, that the high riboflavin excretion of atabrine-treated 
tats is not associated with an increased urinary excretion of nitrogen. 


DISCUSSION 


The results indicate that atabrine exerts a sparing action on riboflavin 
in the organism. It increases the urinary excretion of riboflavin and en- 
hances the growth of young rats given suboptimal amounts of the vitamin. 
In this respect, however, a difference was noted between young and adult 
tats kept on a riboflavin-free diet. Whereas in young rats atabrine induces 


2.7 
3.6 
2.1 
1.8 

1 per 

ribo- 
xerts 

sub- 
lavin 
ribo- 
com- 


336 ATABRINE AND RIBOFLAVIN METABOLISM 
a more rapid growth without increasing the excretion of riboflavin (Tables 
I and III), adult atabrine-treated rats exhibit a significantly higher rate of 
riboflavin excretion, even on a riboflavin-free diet, than do untreated con- 
trols. The organism appears to use riboflavin preferentially for growth 
and, only when a certain rate of growth is attained, does it appear to divert 
the surplus to the kidneys for excretion. 

This riboflavin-sparing action of atabrine may be due to the structural 
similarity of the two substances. Atabrine may thus partially replace ribo- 
flavin in flavin-containing enzymes. A similar replacement of riboflavin 
by structurally related substances has already been demonstrated by Dick- 
ens and Mellwain (10), who studied the activity of certain phenazines as 
carriers in the hexose monophosphate system. Phenazine methyl sulfate, 
methylchloride, and ethyl chloride were found to be most active among 
the substances studied. The authors relate this activity to the common 
property of phenazines and flavins to form semiquinones. 

Another possibility, suggested by Dr. D. W. Woolley of the Rockefeller 
Institute (personal communication), is that atabrine inhibits the metabolic 
destruction of riboflavin, or of one of its conjugates, possibly because of its 
structural resemblance to the vitamin. This inhibition may lead to an 
increased biological availability of the vitamin. 

In the case of atabrine it is interesting to note that the same substance 
was found to antagonize competitively flavin-adenine nucleotide (2) and 
riboflavin phosphate (3) as well as to replace riboflavin. The same phe- 
nomenon has been reported for p-aminosalicylic acid. In contrast to its 
inhibiting action on Mycobacterium tuberculosis, this substance replaces 
p-aminobenzoic acid in stimulating the growth of two mutant strains of 
Escherichia coli which require p-aminobenzoic acid for growth (11). It 
appears that p-aminosalicylic acid inhibits the utilization of p-aminobenzoic 
acid for the tubercle bacillus, but is utilized in place of the vitamin by 
E. coli. 

Similarly a-methylglutamic acid inhibits the formation of hydroxamic 
acid from glutamine and hydroxylamine by the glutamotransferase of sheep 
brain extracts, but replaces glutamic acid in the synthesis of hydroxamic 
acid from hydroxylamine and glutamic acid by the same extract (12). 

The level of riboflavin in the liver was not found to be affected by ata- 
brine treatment, being dependent only on the supply of the vitamin. The 
following interpretation of these findings may tentatively be proposed. 
The high riboflavin excretion of the treated animals might be expected to 
lead to a depletion of the vitamin in the liver. This process, however, is 
counteracted by the sparing effect of the drug which thus maintains the 
same liver level of the vitamin as in the untreated animals. 
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SUMMARY 


I. Atabrine administered at a level of 400 to 800 mg. per kilo of ration 
was found to exert a sparing action on riboflavin in rats. The drug in- 
creases the excretion of riboflavin in the urine and promotes the growth of 
young animals given suboptimal amounts of riboflavin. 

2. The increased riboflavin excretion in atabrine-treated rats is not as- 
sociated with an increased urinary excretion of nitrogen. 


We should like to express our thanks to Dr. D. M. Hegsted, Department 
of Nutrition, Harvard School of Public Health, Boston, Massachusetts, for 
many helpful discussions with one of us (K. G.). 
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THE AVAILABILITY OF p-HISTIDINE, RELATED IMIDAZOLES, 
AND p-TRYPTOPHAN IN THE MOUSE* 


Br D. ROBERT CELANDER anv CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City, Iowa) 


(Received for publication, November 3, 1952) 


Some years ago, Totter and Berg (2) reported having obtained slow 
growth in mice which were fed a histidine-deficient hydrolysate (3) as the 
source of protein nitrogen in a diet supplemented with p-histidine. The 
100 mg. of yeast vitamin-Harris supplied daily provided approximately 0.6 
mg. of t-histidine. It did not promote growth when fed without the p- 
histidine supplement. Subsequent experiments by Bauer and Berg (4, 5) 
showed similar results in mice fed p-histidine in a diet which contained the 
protein nitrogen in the form of a mixture of purified amino acids from 
which t-histidine had been excluded. When, however, the source of the 
vitamin B complex was changed to an extract of rice polishings fortified 
with riboflavin, niacin, and thiamine, dietary supplements of p-histidine 
proved ineffective. Rats supplied with amino acid mixtures which con- 
tained p-histidine, but no Lhistidine, showed essentially the same rate of 
growth with either vitamin source. 

The present communication records experiments undertaken to account 
for the discrepancies outlined and to determine whether they are obtained 
also when the basal diet is supplemented with imidazole derivatives instead 
of p-histidine. Similar experiments with p-tryptophan are also included. 


EXPERIMENTAL 


Preparations—The histidine-deficient casein hydrolysate was made by 
the method of Conrad and Berg (3). It gave a negative test for histidine! 
with the modified Kapeller-Adler procedure (7, 3) and contained 12.85 per 
cent N. 

The yeast vitamin concentrate was prepared by the method employed 
in the production of commercial yeast vitamin-Harris, which is no 


* The data in this paper are taken from a dissertation submitted in August, 1952, 
by D. Robert Celander in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State Uni- 
versity of Iowa. 

A report of this study was presented before the American Society of Biological 
Chemists at New York, April 15, 1952 (1). 

From careful analyses, employing Hunter's test (6), Conrad and Berg (3) fixed 
the maximal limits of histidine in histidine-deficient hydrolysates prepared by their 
method at 0.075 per cent. 


* 
| 
* 


340 AVAILABILITY OF D-AMINO ACIDS 


longer available.? Feeding tests showed that 50 mg. per day were adequate 
for growth promotion. 

The t-histidine monohydrochloride monohydrate was isolated from 
hydrolysate of spray-dried blood essentially as directed by Cox, King, and 
Berg (9). It contained 20.1 per cent N as measured by the macro-Kjel. 
dah! method; the calculated value is 20.04 per cent. The lals was +9.93° 
( = 2.06 in 6.1 ~ hydrochloric acid solution). When this rotation was 
calculated on the basis of free histidine, the result agreed with that ob 
tained with rigorously purified t-histidine by Dunn ef al. (10) under anal 
ogous conditions. 

p-Histidine monohydrochloride monohydrate was prepared by resolution 
(11). pt-Histidine monohydrochloride and d-tartaric acid, 0.5 mole each, 
were dissolved in about 1500 ml. of warm (45°) water, and 0.25 mole d 
dry silver carbonate was added with stirring. After 0.5 hour, the silver 
chloride was filtered off, traces of silver were removed with hydrogen sulfide, 
and the excess hydrogen sulfide by aeration. Upon concentration to 500 
ml., the bulk of the p-histidine-d-hydrogen tartrate crystallized. Repeated 
recrystallization gave a product with [a] = +13.3° ( = 3.68 in water 
(11)). This yielded p-histidine monohydrochloride monohydrate, which 
showed [a]? = 10.7 (c = 2.06 in 6.1 X hydrochloric acid solution); N 
found 20.02 per cent. 

L-Imidazolelactic acid was prepared by the reaction of L-histidine mono- 
hydrochloride with an equimolecular amount of silver nitrite as directed 
by Frankel (12). Paper strip chromatograms, developed with the solvent 
mixture of Mason and Berg (13), which had been found by us to separate 
histidine, imidazolelactic acid, and urocanic acid, showed that the product 
contained unchanged histidine. Physical removal of the latter was ted- 
ous and difficult and was obviated by adding a fourth more silver nitrite 
and an equimolecular amount of hydrochloric acid to the reaction mixture 
and shaking for 8 hours. Occasionally, a second such treatment was nec 
essary to produce a negative response upon drying a drop of the reaction 
mixture on filter paper and applying a solution of 0.25 per cent ninhydrin 
in dry acetone. When 10 y or mote of L-histidine were present, the spot 
became blue to purple when dried or heated gently. The yield of pur 
L-imidazolelactic acid monohydrate was 45 to 50 per cent of the theoretical. 
The compound melted at 203-204° with effervescence (12) and showed 
la}? = —37.4° (c = 1.0 in water (14)); total N found 15.91, theoretical 
16.09 per cent. 

Transuroeanic acid dihydrate (m. p. 218-220°; N found 15.95, calculated 
16.09 per cent) was prepared from t-histidine in over-all yields of 30 per 


2 This extract was prepared from yeast generously supplied by the Pabst Brewing 
Company through the courtesy of Dr. Alexander Frieden. 
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cent of theory essentially as directed by Edlbacher and von Bidder (15). 
They separated and purified the a-chloro-8-4(5)-imidazolepropionie acid 
intermediate, converted it to the betaine by reaction with trimethylamine, 
then boiled the reaction mixture for 2 hours under the reflux to obtain the 
urocanie acid. We found that the over-all preparation could be expedited, 
without reducing the yield, by omitting the initial purification of the a- 
chloro compound. The solution containing it was evaporated to dryness 
and used as such. 

Because the a-chloro compound prepared from L-histidine possessed op- 
tical activity and subsequently yielded transurocanic acid, an attempt was 
made to prepare the cis compound from p-histidine. The intermediate 
a-chloro-3-4(5)-imidazolepropionic acid in this instance possessed equal and 


opposite optical activity, but the subsequent steps yielded the shimmering 
needles of transurocanic acid; m. p. 218-220° (15). cts-Urocanie acid is 


more readily soluble. It exyeteliiace in rosettes; m. p. 175-176° (16). 

In the preparation of imidazoleformaldehyde and imidazolecarboxylic 
acid, fructose was converted to hydroxymethylimidazole (17, 18), which 
was then oxidized with slightly more than the theoretical amount of con- 
centrated nitric acid, essentially as directed by Pyman (19). The mixture 
of dried nitrates of imidazoleformaldehyde and imidazolecarboxylic acid 
was dissolved in water (2.5 ml. per gm.) and the solution was warmed to 
30° and adjusted to pH 8.5 by the slow addition of 35 per cent sodium 
earbonate solution. After chilling overnight, the beautiful, irregular crys- 
tals of imidazoleformaldehyde were collected. Upon recrystallization from 
water, they melted at 172-173° (20); N found 24.75, theoretical 25.00 per 
cent. Imidazolecarboxylie acid (m. p. 281°, with decomposition; N found 
20.00, caleulated 29.2 per cent) and additional aldehyde were obtained 
from the mother liquor (19). 

Condensation of imidazoleformaldehyde with hippuric acid in the pres- 
ence of acetic anhydride and sodium acetate yielded 2-phenyl-4-(1-acetyl- 
glyoxaline-4(5)-methylidene )oxazolone, m.p. 191° (19). Alkaline hydrol- 
wis gave imidazolepyruvie acid. This was isolated as the hydrochloride, 
as directed by Barger and Stewart (21). It gave the characteristic green- 
ish blue color with ferrie chloride in alcohol and yielded a 2,4-dinitro- 
phenylhydrazone; m.p. 192° (22). It decomposed with frothing at 108- 
110° (21) and showed 14.42 per cent of N; the calculated N is 14.7 per cent. 

The physical constants given for the compounds prepared are in excellent 
agreement with those reported in the literature. 

Growth Studies The basal diet was similar to that of Maddy and Elve- 
lem (23). It contained sucrose 15, salt mixture (24) 4, Cellu flour 9.1, 
com oil 1, cod liver oil 4, a-tocopherol 0.0025, 2-methyl-1 , 4-naphthoqui- 
none 0.0002, and nitrogen source and dextrin to 100 gm. The chief source 


4 
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of nitrogen was either a histidine-deficient casein hydrolysate, 19.4 gn. 
fortified with 0.3 gm. of L-cystine and 0.4 gm. of pL-tryptophan, or 3 
mixture of purified amino acids (23.52 gm.) .“ The amino acid mixture was 
composed of pi-lysine monohydrochloride 2.5, pi-tryptophan 0.4, pi-phen. 
ylalanine 0.9, bi- isoleueine (or L-isoleucine-p-alloisoleucine) 1.0, bi-methi. 
onine 0.6, pt-valine 1.4, L-arginine monohydrochloride 0.24, pi-threonine 
(with 40 per cent of allothreonine) 1.6, pt-leucine 1.6, L-cystine 0.2, glycine 
2.0, t-glutamic acid 10.08, and monosodium glutamate 1.0 gm. _1-Histi- 
dine monohydrochloride monohydrate was supplied to the controls at 3 
level of 0.84 gm. p-Histidine monohydrochloride monohydrate and the 
L-imidazolelactic acid, urocanic acid, imidazolepyruvic acid, imidazole 
formaldehyde, and imidazolecarboxylic acid were incorporated into the 
experimental diets in amounts molecularly equivalent to that of the . 
histidine. Sodium bicarbonate equivalent to the hydrochloric acid pres 
ent in the amino acid hydrochlorides was added to each diet. The 
basal diet containing the histidine-deficient casein hydrolysate supplied 
2.55 per cent of N, the diet containing the amino acid mixture 2.71 per cent. 
The histidine or related compounds were incorporated at the expense d 
dextrin. 

Vitamins of the B complex were provided every 12 hours in the form d 
a pill. The compositions of the various types of pills are described in 
detail in Table I.“ Analysis (3, 7) of the yeast extract concentrate showed 
that it contained about 0.56 mg. of histidine per 100 mg. This agrees 
well with the histidine content of 0.58 (3) and 0.7 mg. per 100 mg. (2) 
previously reported for yeast vitamin-Harris. A pill containing 50 mg. d 
yeast extract would supply 0.28 to 0.35 mg. of histidine. Each of the 
crystalline vitamin pills which was supplemented with t-histidine con- 
tained 0.5 mg. of this amino acid. 

The mice used were from two colonies established and maintained in this 
laboratory. The first was started with Swiss mice, Iowa strain obtained 
from the Department of Bacteriology of the State University of Iowa, and 
the second with six pregnant females of the Swiss Webster strain purchased 
from Rockland Farms. In the earlier experiments, only animals from the 
first colony were available. The Swiss Webster animals were used in most 
of the subsequent studies. The colonies were kept free of disease by con- 
tinuous and rigorous culling. Mice from the first colony were more active 
and attained a somewhat smaller weight at maturity than those from th 
second, but during the period of rapid growth no differences were noted i; 


The Di- amino acids used in these studies were made available to us by The Dor 
Chemical Company through the courtesy of Dr. J. E. Johnson. 

The vitamin Bi concentrate was provided by E. R. Squibb and Sons through th 
courtesy of Dr. L. R. Hines. 
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their response to the various diets employed. For this reason, no dis- 
tinction between strains has been made in the protocols. 

The experimental periods usually lasted 20 days. From eight to thirty- 
six mice, 26 to 30 days old and approximately 12 gm. in weight, were used 
in each experiment. They were housed in separate cages and allowed food 
and water ad libitum. Their food consumption and weights were deter- 
mined every 4 days. Wherever possible, litter mates were used in com- 
paring experimental with control diet. Each compound, except imidazole- 


I 
Composition of Vitamin Pills“ 
Components XM 100 XM-L | YEH-I YEH-II vk. 200 E- 300 

Crystalline vitamin mixturef..... 36 36 36 36 
1 50 100 150 
“ hydrolysate 11. 50 

t-Histidine HCl -H oo 0.67 
| 0.27 | | 
57 90 57 57 57 10 
47 47 | 


— 


* The composition is given in mg. per pill. 
Each gm. of the crystalline vitamin mixture supplied Ca d-pantothenate 600, 
niacin 517, riboflavin 345, pyridoxine hydrochloride 173, thiamine hydrochloride 
173, folie acid 34.4, biotin 3.5 7; choline chloride 103, p-aminobenzoic acid 34.5, inosi- 
tol 34.5, vitamin Bu concentrate (15 y of vitamin Bis per gm.) 34.5, and dextrin 792 


mg. 

t Yeast extract hydrolysate I was prepared by refluxing yeast extract with 20 
per cent sulfuric acid for 30 hours, neutralizing exactly with barium hydroxide, re- 
moving the BaSO, by filtration, and evaporating the filtrate to dryness. Yeast 
extract hydrolysate II was precipitated with mercuric sulfate as directed by Con- 
trad and Berg (3) for the preparation of histidine-deficient casein hydrolysate. 


formaldehyde and imidazolecarboxylic acid, was tested in two or more 
separate experiments. 

The results obtained in the experiments on growth with the variously 
supplemented diets containing histidine-deficient casein hydrolysate are 
summarized in Tables II and III. 

The data in Table II show that 50 mg. of whole yeast plus crystalline 
vitamins (Y-50) stimulated growth on p-histidine, but that 50 mg. of 
yeast extract (YE-50) did not. When the yeast extract was increased to 
100 mg. per day (YE-100), growth occurred (see Table III). Preliminary 
studies had shown that vitamin Bis and folic acid, either singly or together, 
had no detectable growth-promoting ability in animals receiving b-histi- 
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dine. Liver powder (Wilson’s 1:20), even at a 0.4 per cent level, was 
also without effect. When hydrolyzed and fed with crystalline vitamins 
(YEH-I, Table II), the yeast extract retained its ability to stimulate 
growth on p-histidine. However, the capacity was lost when the yeast 


Taste II 
Growth in Mice Receiving Histidine-Deficient Casein Hydrolysate with Various 
Imidazole and Vitamin Supplements 


No. and sex of — 
mice 

change 
M. 
1 1.80 0.125 YEH-I 
2.59 0.004 YE-200 
1 27 2.32 0. 199 Y E-300 
2 1.35 -0.110 
2 1 1.40 — 0.036 * 50 
2 2.02 0.063 p-Histidine, VEII-I 
3 1.94 0.072 YEH-II 
1 2 1.54 0.017 
147 —0.163 Uroeanic acid, XM 
1.69 0.083 XM-L 
1.13 —0.111 Imidazoleformaldehyde, XM-L 
1 3 0.89 0.144 Imidazolecarboxylic acid, XM IL. 
7 3 2.73 0.308 L-Histidine, XM 
3 2.99 0.458 XE. 100 
2 2.67 6.442 YEH-I 

1 2. 98 0.400 II 

3 2 2.01 0. 207 1.50 


— 


* The composition of the vitamin supplement will be found in Table I under the 
corresponding abbreviation. YE-50 indicates supplementation with 50 mg. of 
yeast extract per day, Y-50 with 50 mg. of whole yeast per day plus crystalline 
vitamins. 

t Supplements YE-200 and YE-300 were fed to the same three animals, supple. 
ment YE-200 for the first 8 days, supplement YE-300 for the last eight. 


extract hydrolysate was precipitated with mercuric sulfate (YEH-IL, Table 
II), which is known to remove histidine. In every case, the vitamin sup- 
plements which were able to promote growth with p-histidine were found 
by chemical analysis to contain histidine. Table II shows that the his 
tidine provided when 200 mg. per day of veast extract (YE-200) were fed 


5 The liver powder was kindly supplied by The Wilson Laboratories through the 
courtesy of Dr. S. W. Hier. 
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was barely sufficient to promote maintenance in the animals receiving the 
histidine-deficient basal diet, but that the amount in 300 mg. per day 
(YE-300) induced weight gain. 
Tan III 
Comparisons of Influence upon Growth of Traces of u-Histidine in Vitamin Source 
Provided Mice Receiving Histidine-Deficient Basal Diet Supplemented 
— 


2 enge, Daily weight At Bt 
Vitamin source?“ — — | 
| F tien — 8. d. | P | P 
Histidine-deficient series 
Beas 
% 2 1% —0.143 0.065 | 
YE-100 5 2 1.14 —0.052 0.069 2.52 0.024) 1 2, 0.100 
XML | 1.63 =0.108 0.063 1.22 0.245f 
p-Histidine series 
— — 
XM 6 11.83 | 0.035 3.17 0,008 | 
YE100 1 1% 20 00 
XM-L 6 5 2.07 0.098 0.043 9.40 0.001f . 
Imidazolelactic acid series 
XM 14 1 1.40 0.078 0.058 1.79 0.10 
YE-100 1.37 0.055 — re 
XML 4/6 2.05 0.130 0.00 5.45 0.00% %/—ft 


t is the ratio of the difference between the means to the probable error of this 
difference. P is the probability that the difference observed is not significant; 
differences are considered significant when P is 0.01 or less (25). 

*The composition of the vitamin source is given under the corresponding ab- 
breviation in Table I. 

t The initial comparisons (A) were made between the group indicated and the 
first group of the histidine-deficient series. The subsequent comparisons (B) were 
made between the groups indicated by braces. 


Table III shows that a detectable reduction in the rate of weight loss 
was obtained in animals fed 100 mg. of veast extract daily (YE-100) as 
compared with those receiving crystalline vitamins alone (XM), but that 
the effect produced by providing 1 mg. of L-histidine per day (XM-L) was 
scarcely perceptible. The rate of weight loss was reduced significantly 
when p-histidine was incorporated into the deficient diet. Though the 
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data suggest that imidazolelactic acid showed similar capacity, this was 
not indicated by the test of significance employed. When p-histidine or 
imidazolelactic acid was fed, together with yeast extract or crystalline 


IV 
Growth of Mice Receiving Amino Acid Mixture with Various Imidazole and Vitamin 
Supplements 
No. 22 of A | 
food Supplements 
M. F 
em. 
2 1.24 —0.193 XM 
2 1.26 —0.150 XM-L 
1 3 1.32 —0.178 p-Histidine, XM 
2 1 1.19 0.023 XML. 
2 2 1.03 —0. 170 Imidazolelactic acid, XM 
3 2.01 0.073 * “« XM-L 
3 2 1.71 0.110 Imidazolepyruvic acid, XM 
H 2 2.63 0.458 L-Histidine, XM 
TaBLe V 
Growth of Mice Receiving Amino Acid Mixture Supplemented with p-, L-, or 
DL-T ryptophan 
No. ante sex of 4 
verage A . 
— A Supplements 
M. F. 
| em. em. 
3 1 1.31 —0.117 XM 
4 1.20 —0.114 XM-T 
1 3 1.64 —0.164 0.2% v-tryptophan, XM 
2 2 1.82 0.058 0.2% 1 XM-T 
2 2 3.05 0.411 0.2% u-tryptophan, XM 
1 1 | 3.0 0.453 0.4% pui-tryptophan, XM 


— 


XXI, erystalline vitamins; XM-T, erystalline vitamins plus 0.25 mg. of L-tryp- 
tophan per day. 


vitamins plus a trace of Lhistidine, a highly significant growth response 
was obtained. In the presence of p-histidine, 1 mg. of L-histidine was 
definitely superior to 100 mg. of the yeast extract, probably because the 
latter provided only 0.56 mg. of L-histidine. 

Animals fed urocanie acid, imidazoleformaldehyde, and imidazolecar- 
boxylic acid (Table II) lost weight steadily, even in the presence of traces 
of t-histidine (XM-L). 
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p-Histidine and t-imidazolelactic acid also gave similar, though less 
marked, results when fed in a diet containing a mixture of purified amino 
acids as the chief source of nitrogen (Table IV). Imidazolepyruvic acid, 
on the other hand, was able to promote slow to moderate growth in the 
complete absence of histidine. 

The experiments with p-tryptophan were carried out in an analogous 
manner. In this instance, the amino acid mixture contained L-histidine 
but lacked tryptophan. The vitamin pills contained the crystalline vita- 
mins with and without 0.125 mg. of L-tryptophan per pill. This amount 
approximates the 0.1 mg. of tryptophan shown by the Shaw-McFarlane 
(26) procedure to be present in each of the yeast vitamin-Harris pills 
used by Totter and Berg (2). The p- and the L-tryptophan were prepared 
by fractionation of the brucine salt of acetyl-DI- tryptophan. They showed 
specific rotations of +33.0° and —33.0°, respectively (e = 0.5, read at 20°).® 
The experimental data are summarized in Table V. 


The evidence presented indicates that mice provided with yeast extract 
or with crystalline vitamins plus traces of I-histidine respond considerably 
more readily to p-histidine and imidazolelactic acid than mice receiving a 
supplement of crystalline vitamins. Response to the yeast extract is prob- 
ably attributable to the fact that it contains histidine, as proved by anal- 
ysis. This supposition is substantiated by the observation that the active 
principle in the extract is not destroyed by prolonged boiling with 20 per 
ent sulfuric acid, but is removed by precipitation with mercuric sulfate. 
The data support the findings of Totter and Berg (2) that p-histidine 
promotes slow growth when yeast vitamin-Harris is used as the source of 
the vitamin B complex, but suggest that the L-histidine in the vitamin 
source was the crucial factor. 

The fact that both p-histidine and imidazolelactic acid retard weight 
loss in the absence of t-histidine would suggest that these compounds are 
slowly converted to t-histidine in the mouse. If such conversions do take 
place, they are certainly less efficient than in the rat, which has been shown 
to invert p-histidine readily (3) and to utilize imidazolelactic acid for 
growth (27, 28). Conversion of p-histidine or imidazolelactic acid to one 
or more essential metabolites normally derived from L-histidine might ma- 
terially lower the requirement for L-histidine and thus permit dietary traces 
to stimulate growth. It is also possible that the traces of L-histidine may 
favor growth because they are used in the synthesis of enzyme systems 
responsible for the conversion of p-histidine and imidazolelactic acid to 


* We are indebted to Mr. Ralph Langner for the preparation of the D- and the L- 
tryptophan and for the assay of the yeast vitamin-Harris for tryptophan. 
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L-histidine. p-Histidine and imidazolelactic acid are known to inhibit his- 
tidase (29), which acts only on L-histidine. Retarded destruction of 1. 
histidine might operate to reduce the rute of weight loss. However, uro- 
canic acid, which is also reported to inhibit histidase (30), does not behave 
analogously. In any event, it seems quite probable that p-histidine and 
imidazolelactic acid operate reciprocally with the small amounts of L-histi- 
dine to bring about growth. The possibility that any of the effects ob- 
served with p-histidine or imidazolelactic acid could have been due to their 
contamination with Lhistidine is made extremely remote by the rigorous 
purification to which they were subjected. 

The failure of urocanic acid, imidazoleformaldehyde, and imidazolecar- 
boxylic acid to produce a detectable reduction in the rate of weight loss, 
even in the presence of traces of L-histidine, indicates that they are entirely 
unavailable to the mouse. 

Imidazolepyruvic acid was the only compound tested which was able to 
promote slow to moderate growth in the complete absence of histidine. 
Its amination must therefore take place fairly readily. In the rat, imid- 
azolelactic acid is reported to be used more efficiently than the keto com- 
pound (28). Failure of the mouse to grow on either p-histidine or 
imidazolelactic acid alone indicates that the conversion of these to imid- 
azolepyruvic acid by deamination or oxidation must occur only slowly, if 
at all. It is interesting to note that the behavior of the mouse toward 
p-histidine and imidazolepyruvic acid is much like that of the rat toward 
p-leucine and its keto analogue (31-33). 

As in the case of p-histidine, the availability of p-tryptophan for growth 
in the presence of yeast vitamin-Harris concentrate (2) was probably made 
possible by the presence of traces of the L enantiomorph in the concentrate. 
Kotake, Ichihara, and Nakata (34) reported that p-tryptophan would not 
support growth in the mouse. As a source of the vitamin B complex, these 
workers used an extract of rice polishings which may have been devoid d 
L-tryptophan. However, their tryptophan-deficient diet was so inadequate 
in essentials other than tryptophan that controls fed L-tryptophan failed to 
grow consistently and, in some cases, even lost weight. A discussion d 
these inadequacies can be found elsewhere (2). The fact that the mouse 
cannot utilize p-tryptophan alone for growth makes it apparent that some 
step in the series of reactions involved in the ready inversion of p-trypte 
phan in the rat (35, 36) is either absent or too slow to be significant. 

SUMMARY 

p-Histidine, L-imidazolelactic acid, urocanic acid, imidazolepyruvic acid, 
imidazoleformaldehyde, and imidazolecarboxylic acid have been prepared 
and tested in mice for their ability to replace L-histidine in the diet. Only 
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imidazolepyruvie acid was able to support slow to moderate growth when 
the diet contained an amino acid mixture devoid of histidine. In diets 
containing u histidine-deficient hydrolysate, both imidazolelactic acid and 
p-histidine checked slightly the decline in weight. They supported growth 
when traces of L-histidine, which in themselves were too small to retard 
significantly the rate of weight loss, were added. Urocanic acid, imidazole- 
formaldehyde, and imidazolecarboxy lic acid appeared to have no capacity 
to stimulate growth, even in the presence of traces of t-histidine. 

When added to a diet containing a mixture of purified amino acids devoid 
of tryptophan, p-tryptophan did not promote growth in mice and was 
unable to check weight loss. Traces of the L isomer appeared to render the 
p-tryptophan effective for slow to moderate growth. 

The implications of the above observations are discussed. It is con- 
cluded that the previously reported availability of p-histidine and p-tryp- 
tophan for slow growth in mice was made possible by traces of the respec- 
tive L-amino acids in the yeast extract employed as the source of the vitamin 
B complex. 
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THE METABOLISM OF UROCANIC ACID, IMIDAZOLELACTIC 
ACID, AND b-HISTIDINE IN THE INTACT RAT“ 


By D. ROBERT CELANDER ANDY CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City, Iowa) 


(Received for publication, November 3, 1952) 


Interest has recently been revived in the possibility that urocanic acid 
may be an intermediate in the metabolism of L-histidine (1). In the rat, 
both Cox and Rose (2) and Harrow and Sherwin (3) found this product 
ineffective in the dietary replacement of histidine. However, neither it 
nor imidazolelactic acid has been tested for its capacity to promote liver 
glycogen deposition, which would serve as an index of comparison with 
another known behavior of Lhistidine (4). So far as we are aware, none 
of the p isomers of the essential amino acids has been tested for its capacity 
to promote growth when supplied parenterally. 

This paper records comparative data for glycogen formation after the 
administration of Lhistidine, I- imidazolelactie acid, and urocanic acid. 
Since such production might well be influenced by differences in rates of 
absorption, these were also determined. The paper also presents results 
obtained in tests of growth promotion conducted to determine the capacity 
of t-histidine, p-histidine, L-imidazolelactic acid, and urocanic acid to sup- 
plement a histidine-deficient diet, whether injected subcutaneously or fed. 


EXPERIMENTAL 


The preparation of the compounds employed in this series of tests has 
been described elsewhere (5), as has also been the preparation of the his- 
tidine-deficient hydrolysate (5, 6). 

Absorption and Glycogen Formation—The young male rats used in the 
tests for gastrointestinal absorption and glycogen formation were of the 
Sprague-Dawley strain. They weighed 110 to 164 gm. After a 24 hour 
fast, they were fed approximately 0.5 gm. each of the test compound, 
suspended in 2 ml. of 1 per cent gum tragacanth by grinding. The histi- 
dine monohydrochloride was first neutralized, as indicated by Featherstone 
and Berg (4). The sodium urocanate and imidazolelactate were similarly 
prepared. The 2 ml. of suspension fed to the control animals contained 
0.19 gm. of sodium chloride (4). 4 hours were allowed for the absorption. 


* The data in this paper are taken from a dissertation submitted in August, 1952, 
by D. Robert Celander in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the State Uni- 
versity of Iowa. 
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The animals were anesthetized with pentobarbital sodium and their livers 
and gastrointestinal tracts removed for analysis. 

The gastrointestinal tracts were transferred to a beaker containing 60 
ml. of 0.25 per cent acetic acid solution and thoroughly macerated. De- 
proteinization was effected by bringing the mixture to a boil, adding 5 ml. 
of 5 per cent trichloroacetic acid and 1 gm. of Norit, and boiling for § 
minutes. The mixture was centrifuged, decanted, and washed five times 
by adding trichloroacetic acid-acetic acid solution, stirrmg, and centrifug. 
ing. The decanted washings were diluted initially to 200 ml. 

Of the several methods tested for analyzing the washings, the following 
modification of the Macpherson procedure (7) proved to be the most satis. 
factory. Dilutions providing 15 to 30 y of the imidazole compound per 
10 ml. of sample were found to be ideal. To attain this concentration in 
this study, aliquots of the 200 ml. of combined washings were further 
diluted 500 to 3000 times. To 10 ml. of such solution in a test-tube, 
18 X 150 mm., were added 1 ml. of a solution which contained 1 gm. of 
sulfanilic acid and 1 ml. of 37 per cent hydrochloric acid per 100 ml., fol- 
lowed by 1 ml. of freshly prepared 5 per cent sodium nitrite solution. The 
tube was stoppered and its contents were mixed by inversion. After ex- 
actly 2 minutes, 3 ml. of 20 per cent solution of sodium carbonate were 
added, the tube was again stoppered, and its contents were again mixed by 
inversion. The color was allowed to develop for exactly 3 minutes before 
it was read against a similarly prepared reagent blank. A similarly pre- 
pared standard was used for comparison. The optical densities were meas- 
ured at 530 mu in a Coleman, junior, spectrophotometer. The determin- 
ations were made at room temperature. 

A plot of the negative logarithm of the transmittance against concentra- 
tion was linear for histidine at 10 to 60, for imidazolelactic acid at 15 to 
35, and for urocanic acid at 15 to 40 y per 10 ml. The time element is 
crucial. To achieve reproducibility, the procedures for unknown, stand- 
ard, and blank must be carried out exactly as described. When this is 
done, an accuracy of +1.5 per cent is attained. At the high dilutions 
found necessary for the analysis of the imidazole derivatives, the contents 
of the gastrointestinal tracts of the control animals gave no color. 

The livers were divided into two equal samples, each of which was 
analyzed in duplicate for glycogen according to the method of Good, Kre 
mer, and Somogyi (8, 9). 

The data for absorption and liver glycogen content are presented in 
Table I. They show that the absorption of urocanic acid per 100 gm. d 
rat per hour was about 41 per cent as rapid as for t-histidine, that of imid- 
azolelactic acid 25 per cent, of sodium urocanate 31 per cent, and d 
sodium imidazolelactate only 4 per cent. The liver glycogen content d 
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the rats fed the L-histidine was appreciably greater than that of the con- 
trols. This was not true of the rats fed any of the other compounds, 
Growth Tests—To test the capacity of the compounds to promote growth, 
they were injected subcutaneously or incorporated in a diet patterned after 
that of Rose, Oesterling, and Womack (10) but containing as the chief ni- 
trogenous component an acid hydrolysate of casein made deficient in histi- 
dine by precipitation with mercuric sulfate, as directed by Conrad and 
Berg (6). Per kilo, the basal diet' consisted of histidine-deficient casein 
hydrolysate 117, bi-methionine 3, L-cystine 3, pi-tryptophan 4, sucrose 
150, Cellu flour 20, salt mixture (11) 40, corn oil 20, liver extract powder 
(Wilson’s 1:20) 4, inositol 1, and choline 2 gm., and vitamin A and D 


I 
Absorption and Liver Glycogen Formation 
No. Total absorbed | Rate of absorption Liver glycogen 
of Substance administered 
rats — S. E.“ Average S. E.“ Average S. E.“ 
mat per 100' mat per 100 

| mi mM 2 per cent per cent 
2 0.161 | 0.009 | Sodium chloride 
8 | 2.68 | 0.11 0.49 0.01 | 0.425 | 0.091 1-Histidine 
6 1.16 0.04 0.20 0.01 0.080 | 0.012 | Urocanic acid 
2 0.94 0.11 0.15 0.02 0.080 0.002 | Sodium urocanate 
3 0.71 0.05 0.12 0.01 0.088 0.017 | Imidazolelactic acid 
3 | 0.13 0.04 , 0.02 0.01 | 0.050 | 0.009 Sodium imidazolelactate 


* Standard error of the mean, ¢/+/n, where ¢ is the standard deviation and» the 
number of rats. 


concentrate (oleum percomorphum) 800, p-aminobenzoic acid 300, vitamin 
Bu concentrate (214 + of vitamin Bis per gm.) 70, a-tocopherol 50, Ca d- 
pantothenate 25, niacin 15, riboflavin 10, thiamine hydrochloride 5, pyri- 
doxine hydrochloride 5, 2-methyl-1 ,4-naphthoquinone 2, folic acid 0.1, and 
biotin 0.1 mg. Dextrin was added to make 1 kilo. 

The rats employed were males of the Sprague-Dawley strain. They 
weighed initially 40 to 60 gm. They were housed in individual cages and 
given water and food ad libitum. Food consumption and body weight 
were measured every 4 days. When provided orally, the I- and p-histidine 
monohydrochloride monohydrates were fed at a dietary level of 0.5 per 
cent, the urocanic and the imidazolelactic acids at levels of 0.416 per cent. 


We are indebted to Dr. Julius E. Johnson and The Dow Chemical Company for 
the bi · met hionine and the bi- tryptophan, to Dr. S. W. Hier and The Wilson Labora- 
tories for the liver concentrate, and to Dr. L. R. Hines and E. R. Squibb and Sons 
for the vitamin B. concentrate. 
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Animals receiving these products parenterally were fed the unsupplemented 
basal diet. The solutions of the I- and p-histidime monohydrochloride 
monohydrate contained 50 mg. per ml., those of the urocanic and the 1 
imidazolelactic acids 41.6 mg. Each solution was adjusted to pH 7.2 to 
7.5 and injected subcutaneously in doses of 0.5 ml. every 12 hours. Sterile 
precautions were observed throughout. 

The data are presented in Table II. ee ee 
food consumption were obtained when the p- and L- histidine monohydro- 
chloride monohydrates were administered orally than when they were in- 
jected subcutaneously. The urocanic acid showed little or no capacity to 
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Tas.e II 
Response of Rats Fed Histidine-Deficient Diets to p- and L-Histidine, Imidazolelactie 
Acid, and Urocanic Acid, Either Incorporated into Diet or Injected Subcutaneously 


food 
No. of Daily consumption Daily weight change 
Average S. E.“ Average S. E.“ 
sm. om. sm. om. 
4 4.19 0.212 —0.43 | 0.039 None 
4 8.65 | 0.570 2.79 | 0.281 | p-Histidine, orally 
3 10.84 1.560 3.45 | 0.367 1-Histidine 
4 4.49 | 0.071 | —0.08 | 0.029 | Imidazolelactic acid, orally 
4 3.66 0.073 —0.43 0.042 | Urocanic acid, orally 
5 6.97 | 0.283 1.55 0.102 p-Histidine, subcutaneously 
3 7.69 | 0.157 | 1.71 | 0.073 | 1.-Histidine 
4 4.96 | 0.255 0.18 | 0.030 | Imidazolelactic acid, subcutaneously 
4 4.15 0.235 | —0.41 | 0.022 | Urocanic acid, subcutaneously 


Standard error of the mean, / Vn, where ¢ is the standard deviation, and s 
the number of animals. 


check the loss in weight noted when no dietary supplement was provided. 
The L-imidazolelactic acid promoted maintenance when fed and slow growth 
when injected. 

DISCUSSION 


The average rate of absorption for L-histidine corresponded to 75 mg. per 
100 gm. of rat per hour, which is in essential agreement with the 77.1 mg. 
obtained by Featherstone and Berg (4), who used the Kapeller-Adler (12) 
determination which is specific for histidine. The considerably slower ab- 
sorption of urocanic acid might be assumed to be attributable to its greater 
insolubility. However, imidazolelactic acid, which is even more soluble 
than histidine, is even less rapidly absorbed than urocanic acid. Conver- 
sion of either urocanic acid or imidazolelactic acid to its more soluble 
sodium salt before feeding retarded absorption and markedly distended the 


unp 
diets 
by p 

as t 
case} 
the r 
of die 

was 
ducec 
nance 

| 


D. R. CELANDER AND C. P. BERG 355 


what similarly. 

Despite the fact that the urocanic acid was almost half as rapidly ab- 
sorbed as L-histidine, it produced a slight drop rather than an increase in 
the liver glycogen content. This suggests that urocanic acid as such is 
probably not a primary intermediate in the production of glycogen from 
histidine. That urocanic acid can be produced by rat liver homogenates 
has been shown by Mehler and Tabor (1), who observed that 80 per cent 
of the histidine-2-CI which disappeared during incubation was converted 
to urocanic acid. Sera and Yada (13) have also reported the production 
of urocanic acid from histidine by liver preparations, but Edlbacher and 
von Bidder were unable to substantiate their claims (14). Recently Abrams 
and Borsook (15) have confirmed the supposition that glutamic acid may 
be an intermediate (4) in the formation of glycogen from histidine. They 
isolated radioactive glutamic acid chromatographically from the non-pro- 
tein fraction of the livers of rabbits injected with radioactive histidine. 
They also obtained it after incubating radioactive histidine with slices of 
guinea pig liver. In the latter, but not in the former, tests an intermediate, 
possibly isoglutamine, was also isolated. No direct evidence that urocanic 
acid was involved was obtained. Unlike histidine (16), which can be ad- 
ministered subcutaneously in the rat in doses of 300 mg. per 100 gm. with- 
out appreciable urinary loss, urocanic acid (100 mg. per 100 gm.) is largely 
(68 per cent) excreted (17). Schmid could observe no excretion of uro- 
canic acid in the rat after the administration of histidine (18). If urocanic 
acid as such is produced from histidine in the intact rat, it must be formed 
very slowly. 

Observations in other species have been summarized by Darby and 
Lewis (19), who found urocanic acid in the urine of rabbits only after the 
histidine was fed. Moreover, all of the animals which produced it showed 
symptoms of extreme intoxication. 

Slow growth was observed after the first 2 days on the histidine-deficient 
diets supplemented with t-imidazolelactic acid. This is consistent with 
unpublished observations previously obtained in this laboratory (20) with 
diets containing acid hydrolysates of casein also made deficient in histidine 
by precipitation with mercuric sulfate. The growth is not nearly as rapid 
as that obtained by Cox and Rose (2) and Harrow and Sherwin (3), whose 
casein hydrolysates had been precipitated with silver. In this laboratory 
the more rapid growth induced by imidazolelactic acid with the latter type 
of diet has been confirmed (21). When the silver-precipitated hydrolysate 
was reprecipitated with mercuric sulfate, growth on the derivative was re- 
duced. The addition of 0.1 per cent of 1-histidine, sufficient for mainte- 
hance, apparently did not alter the effectiveness of the imidazolelactic acid 
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for growth on the mercuric sulfate-precipitated type of diet. p-Imidazole. 
lactic acid was ineffective (20). 

The failure of urocanic acid to arrest weight loss, whether fed or injected, 
suggests that, if urocanic acid is produced from t-histidine, the reaction is 
certainly not readily reversible. 

The slightly better growth response obtained when L-imidazolelactic acid 
was injected may be attributed partly to the proportionately larger amount 
provided in relation to the food actually consumed. The fact that growth 
terally indicates that these compounds can be converted to L-histidine by 
mechanisms operating within the body of the rat. Certainly growth, when 
these compounds are fed admixed with the diet, does not depend upon 
their obligate conversion to t-histidine by the intestinal flora. 


SUMMARY 


A modification of the Macpherson test for the quantitative estimation of 
imidazoles has been devised and applied in the estimation of the rates of 
absorption of t-histidine, imidazolelactic acid, and urocanic acid from the 
gastrointestinal tract of the rat. Liver glycogen contents were measured 
simultaneously. The t-histidine was absorbed the most rapidly and pro- 
moted appreciable glycogen formation in 4 hours. Urocanic acid was ab- 
sorbed about half as rapidly, imidazolelactic acid about a fourth. Neither 
yielded glycogen. 

Whether incorporated into a histidine-deficient diet or injected subeu- 
taneously, urocanic acid was unable to check the loss in weight observed 
when it was omitted. Under similar circumstances L-imidazolelactic acid 
promoted maintenance or slow growth, and p-histidine induced growth 
which approximated that attained when L-histidine was supplied. 

The data obtained with urocanic acid do not support the contention that 
urocanic acid is a primary intermediate in the metabolism of histidine. 
The growth obtained when p-histidine and imidazolelactic acid were injec- 
ted subcutaneously indicates that intervention of the microorganisms o 
the gastrointestinal tract is not essential to the conversion of these com- 
pounds to L-histidine when they are fed. 
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FURTHER STUDIES OF INHIBITION OF BACTERIAL 
GLUTAMIC DECARBOXYLASE 


Br EUGENE ROBERTS 


(From the Wernse Laboratory of Cancer Research of Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, October 2, 1952) 


In a previous communication experiments were described in which 
several substances structurally related to glutamic acid were tested for 
the inhibition of utilization of glutamic acid by Lactobacillus arabinosus 
(1). In the present communication these substances, together with a 
number of others, were tested for their inhibition of bacterial glutamic 
decarboxylase. The mechanisms of action of a-oximinoglutaric acid and 
a-methyl-pL-glutamic acid, the most potent inhibitors, were elucidated. 


EXPERIMENTAL 


Enzyme Preparations and Measurement of Activity—The preparation of 
the bacterial enzyme (2) and the method of measurement of activity (3) 
have been described. In all instances 1 mg. of bacterial powder was 
employed per Warburg flask in a final volume of 2.5 ml. 

Compounds Used—The hydroxylamine and semicarbazide employed 
were commercial preparations. Pure p-glutamic acid obtained by enzy- 
matic resolution was kindly given by Dr. Jesse P. Greenstein. All of 
the other substances tested were analytically pure compounds generously 
supplied by Dr. Karl Pfister of Merck and Company, Inc. The pyridoxal 
phosphate used in some of the experiments was preparation 9R4822 
(Merck), stated to contain 50 mg. per ml. in the original solution. 


Results 


Screening Tests—Initial screening tests on the bacterial enzyme were 
performed in duplicate or triplicate in experiments in which all substances 
tested were employed at a final concentration of 8 X 10 u or 5 X 107° 
u. The enzyme preparation and the inhibitor were mixed in Warburg 
flasks and the substrate was tipped in after equilibration (10 to 15 min- 
utes). In all instances the rates of CO, evolution for 5 to 20 minutes were 
compared with those of control flasks containing no inhibitor. The fol- 
lowing substances were found not to be significantly inhibitory under the 
conditions of testing: N ,N’-bis(y-L-glutamy])hydrazine, N-benzoyl-N’-y-pL- 
glutamylhydrazine, a-(N-phenacetyl)-y-L-glutamylhydrazine, acetone-y-L- 
glutamylhydrazone, y-t-glutamylmethylamide, y-pL-glutamylethylamide, 
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7-vL-glutamylbutylamide, y-Di-glutamylbenzylamide, ethyl-L-pyrrolidone. 
carboxylate, Di- pyrrolidonecarboxylie acid, pyrrole-2-carboxylic acid, 
L-pyrrolidonecarboxamide, 2-methy]-3 , 4-dihydro-A’-pyrrolonine-5-carbox.- 
ylic acid hydrochloride, pt-a-amino-e-hydroxycaproic acid, 6-hydroxydi- 
hydropyridazine-3-carboxylic acid, a,y-diaminoglutaric acid, y-methyl-t- 
glutamate, y-benzyl-pi-glutamate. The results for the substances which 
proved to be inhibitory are shown in Table I. The greatest degree of 
inhibition was obtained with hydroxylamine. It was determined pre- 
viously (3) that hydroxylamine is a competitive, reversible inhibitor of 
the enzyme. a-Oximinoglutaric acid, the oxime of a-ketoglutaric acid, is 
an inhibitor, probably because of its hydrolysis to a-ketoglutaric acid and 
hydroxylamine. None of the compounds structurally related to semi- 
carbazide was a more potent inhibitor than semicarbazide itself. The 
only substance structurally related to glutamic acid which exhibited 3 
significant degree of inhibition was a-methyl-Dl-glutamie acid. 

The racemates of the two diastereoisomers of 8-hydroxyglutamic acid 
were at most very weak inhibitors. Quantitative data will not be pre- 
sented because these substances were themselves attacked by the enzyme. 
8-Hydroxy-pt-glutamic acid, which is an inhibitor of the utilization of 
glutamic acid by L. arabinosus (1), was only very slowly decarboxylated 
in the presence of a large amount of enzyme. Allo-B-hydroxy- Di- glutamie 
acid, which was not inhibitory in the bacterial system (1), was decarbox- 
ylated to the extent of 49 per cent, suggesting that one of the isomers in 
this racemic mixture is completely decarboxylated by the bacterial en- 
zyme. This problem has been studied in detail by Umbreit and Heneage 
(4). 

Inhibition of Bacterial Glutamic Decarborylase by a-Oximinoglutaric Acid 
(AOG)—When experiments were performed in the usual manner, plots 
of the reciprocal of the rate against the reciprocal of the substrate con- 
centration for the uninhibited enzyme and for two concentrations of 
a-oximinoglutaric acid at four levels of substrate showed lines of diverging 
slope with the same intercept, results expected for purely competitive 
inhibition. However, it was not possible to calculate an accurate dis- 
sociation constant for the enzyme-inhibitor complex from these dats, 
since greater inhibition was observed when the inhibitor and the enzyme 
were allowed to remain in contact prior to the addition of substrate than 
when the inhibitor and substrate were added simultaneously to the en- 
zyme. In atypical experiment, in which the final concentration of AOG 
was 1.4 X 10 M, the inhibition found upon simultaneous addition d 
inhibitor and substrate was 31 per cent, while the percentage inhibitions 
after various times of preincubation of inhibitor and enzyme were as fol- 
lows: 10 minutes, 52; 24 minutes, 62; 40 minutes, 68; 72 minutes, 73. 
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AOG always acted as a competitive inhibitor regardless of the time of pre- 
incubation with the enzyme. This suggested that the increase in inhibition 
with time was not a result of an increasing combination of inhibitor with 
enzyme, but rather was attributable to the hydrolysis of AOG to form 
a-ketoglutarate and hydroxylamine. ‘This hypothesis is consistent with 
the known reversibility of the interaction between ketones and aldehydes 
and such substances as phenylhydrazine and hydroxylamine in aqueous 
solutions (5) and is further supported by the finding that increasing con- 
centrations of AOG produced progressive enhancement of growth of L. 
arabinosus when L-glutamic acid was a limiting factor,! an effect also shown 
by a-ketoglutarate. 


TanLE I 
Screening of Compounds for Inhibition of Bacterial Glutamic Acid Decarborylase 
1 mg. of enzyme was employed in a final volume of 2.5 ml. The enzyme was 
equilibrated with inhibitor at 38° prior to the addition of substrate, the final con- 
centration of which was 0.03 M. 


Substance tested Per cent inhibition 
ͤ ˙ Os 
„ Oximinoglutarie 63 
a-Ketoglutaric acid O-methyl ox imme 14 
7-L-Glutamylhydrazide . . 24 38 
L-Pyrrolidonecarbohy draside . 19 
17 34 
a-Methyl-pu-glutamie acid. 79 87 
p-Glutamiec acid.................. 19 


Methionine sulfox ide... 15 


— 7⅛—ꝛ³—Q — — — — — — — — — — — 


An experiment demonstrating the effect of added pyridoxal phosphate 
on the inhibition by AOG is shown in Fig. I. After the addition of pyri- 
doxal phosphate there was a steady increase in activity in the flasks con- 
taining the inhibitor until the same level of CO, production was attained 
as that found in the control flasks. The complete reactivation by pyri- 
doxal phosphate is similar in all respects to that found for hydroxylamine. 
Hydroxylamine is a strong competitive inhibitor of the bacterial glutamic 
decarboxylase (3) that probably acts by virtue of its ability to combine 
with the aldehyde group of pyridoxal phosphate, the coenzyme (6, 7). 
Although AOG, a-ketoglutarate, and hydroxylamine are all probably pres- 
ent in a solution in which pure AOG is dissolved, the above results are 


‘ Ayengar, P., and Roberts, E., unpublished observations. 
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consistent with the interpretation that the only inhibitory substance is 
hydroxylamine. Pyridoxal phosphate probably reverses the inhibition 
by combining with hydroxylamine, thus causing the dissociation of the 
complex formed with the enzyme-bound coenzyme. Neither AOG itself 
nor a-ketoglutarate would be expected to combine with the coenzyme to a 
large extent. 

Inhibition of Bacterial Glutamic Decarborylase by a-Methyl-pi-glutamic 
Acid (AMG)—When AMG and the enzyme were allowed to remain in 
contact during equilibration prior to addition of the substrate, the plot 
of the reciprocal of the rate against the reciprocal of the substrate con- 


— — 


A 


MINUTES 

Fic. 1. Reversibility of inhibition by a-oximinoglutaric acid with pyridoxal 
phosphate. @, control curve; O, inhibitor tipped in simultaneously with sub- 
strate; X, inhibitor and enzyme preincubated at 38° for 130 minutes prior to the 
addition of substrate. Final concentration of inhibitor, 1 X I0 * M. The arrows 
indicate the time of addition of 1 mg. of pyridoxal phosphate. Substrate concen- 
tration in all flasks, 0.03 M. The values for CO; evolution are for 2 minute readings. 


centration showed the inhibition to be formally of a predominantly non- 
competitive type. The percentage inhibitions found at various inhibitor 
concentrations determined under the same conditions in the presence of 
0.03 m substrate concentration were as follows: 5 Xx 107° , 1.0; 2.5 X 
10m, 4.9; 5 X 21.8; 2.5 X u, 42.4; 5 X M, 65.8; 1.25 
X 10° ux, 77.2; 2.5 X 10 u, 87.5. It was noted subsequently that the 
degree of inhibition given by a particular concentration of AMG depended 
on the time of preincubation of inhibitor with enzyme. A typical experi- 
ment performed with a final concentration of AMG of 5 X 10 is shown 
in Fig. 2. When substrate and inhibitor were added simultaneously to the 
enzyme, there was a weak inhibition, apparently of a competitive nature. 
Preincubation of enzyme and inhibitor for different periods of time resulted 
in a marked enhancement of the inhibition, with a shift to an apparently 
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non-competitive type of inhibition. There appeared to be no displacement 
of inhibitor by substrate during the course of individual measurements, 
since in no case was there observed a significant increase in activity with 
time after addition of the substrate when readings were taken over an 
extended period at 2 to 5 minute intervals. No liberation of CO, was 
observed from AMG alone by the enzyme in a number of experiments. 
A more extensive analysis of the inhibition by AMG was then made 
(Fig. 3). Four different concentrations of AMG were incubated with 


&. 


O 10 


Fic. 2. Lineweaver-Burk plots for one concentration of a-methyl- Di- glutamie 
acid (5 Xx 10 mu) determined by adding substrate after various periods of preincuba- b 
tion of enzyme and inhibitor. Ordinate, reciprocal of the 5 minute velocity; ab- 
scissa, reciprocal of the molar concentration of glutamic acid in the reaction mixture. 


the enzyme at 38° for different periods of time up to 80 minutes prior to 
the addition of substrate. Full activity was maintained when the enzyme . 
alone was incubated in the absence of substrate or inhibitor. No inhibi- 
tion was observed at any of the inhibitor concentrations when the inhibitor 
and substrate were added to the enzyme simultaneously. However, at 
all time intervals thereafter a progressive decrease of activity was observed, 
the rate of decrease being greater at higher inhibitor concentrations. 

A theoretical treatment has been made of the kinetics of this kind of 
combination of enzyme with inhibitor (8) and has been applied to the 
action of physostigmine and related substances on cholinesterase (8, 9). 
An interpretation of the data in Figs. 2 and 3 consistent with the above 
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analysis is that the rate of combination of AMG with the enzyme is so 
slow (small probability of effective collision) in comparison with that of 
the substrate that high relative concentrations of AMG are required to 
show significant inhibition when both substrate and inhibitor are added 
to the enzyme at the same time. Under the latter circumstances the 
inhibition is competitive in the Lineweaver-Burk test, indicating that AMG 
and t-glutamic acid compete for the same site on the enzyme. With 
increasing periods of preincubation of enzyme and AMG prior to the ad- 


LO 
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O 
50 X10") 


O 20 40 60 80 
TIME HC 

Fic. 3. Inhibition of enzyme activity as a function of time of preincubation of 
a-methyl-p.i-glutamic acid with enzyme at various concentrations of inhibitor. 
Inhibitor concentrations, Curve A, 2.62 X 10 NM Curve B, 13.1 X 10~‘ m; Curve C, 
26.2 X 10-*m; Curve D, 52.4 X 10 *. Substrate concentration, 0.03 u. The ordi- 
nate, a, is the fraction of the uninhibited rate. 


dition of substrate, progressively increasing numbers of active sites on the 
enzyme are combined with the inhibitor. The rate at which the enzyme- 
inhibitor complex dissociates is so slow that there is no evidence of dis- 
placement of inhibitor during the period of measurement with the usual 
substrate concentrations. The Lineweaver-Burk analysis reflects this by 
showing inhibition by AMG to be essentially non-competitive after pro- 
longed preincubation with enzyme. This does not mean that AMG and 
L-glutamic acid do not compete for the same site on the enzyme, whieh 
they probably do, but rather reflects the strength of the bond between the 
enzyme and AMG. The slow reactivity of AMG with the enzyme, prob 
ably because of the steric hindrance of the a-methyl group, and the great 
stability of the enzyme-inhibitor complex are in sharp contrast to the 
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rapid establishment of a readily dissociable complex with hydroxylamine 
(3), a substance which is inhibitory solely because of its affinity for the 
aldehyde group of the coenzyme. 

Interaction of a-Methylglutamic Acid and Pyridozal Phosphate; Influence 
of Pyridoxal Phosphate on Inhibition Absorption spectra of pyridoxal 
phosphate (60 y per ml.) in the presence of 0.01 M AMG in 0.05 M acetate 
buffer at pH 4.3 were clearly different from those calculated from the 
sums of the extinctions of AMG and pyridoxal phosphate alone. The 
differences found after periods of incubation of the mixture at 38° were 
greater than those observed upon immediate mixing. These results sug- 
gest that an interaction occurs between AMG and pyridoxal phosphate 
at the pH and temperature employed for the enzymatic studies similar to 
that reported for other a-amino acids (3). 

Evidence was also obtained for the protective effect of pyridoxal phos- 
phate against inactivation of the decarboxylase by AMG. In a typical 
experiment an enzyme preparation containing 2 mg. of bacterial powder 
per ml. in 0.1 M acetate buffer, pH 4.3, was incubated with an equal vol- 
ume of 2 X 10-* AMG for 3 hours at 38°. Aliquots were then tested for 
activity in the usual manner. Duplicate flasks showed a CO, evolution 
of 3 and 4 ul., respectively, during the first 8 minutes as compared to 128 
ul. in the absence of inhibitor. At this time 3 mg. of pyridoxal phosphate 
were added to one of the flasks containing the inhibitor and readings were 
continued. In the next 64 minutes the flask containing the added pyri- 
doxal phosphate showed an evolution of 100 fl., while the one containing 
inhibitor alone liberated only 29 yl. of CO,. Complete reactivation by 
pyridoxal phosphate, such as was observed in similar experiments with 
hydroxylamine (3) and a@-oximinoglutaric acid, was never found with AMG. 
Although the reactivation by pyridoxal phosphate must be related to 
the reactivity of AMG with free and enzyme-bound coenzyme, the exact 
mechanism has not yet. been determined. 


DISCUSSION 


The activity of bacterial glutamic acid decarboxylase has been stated 
by Gale (6) to be specific for the natural isomer of glutamic acid having 
all three functional groups free. This indicates the necessity of a com- 
bination of the substrate with three loci on the enzyme for the decarboxyla- 
tion to take place. To these requirements may now be added that of the 
presence of a hydrogen atom on the a-carbon, since it has been shown here 
that the substitution of a methyl group for this hydrogen leads to a loss 
of the ability of the enzyme to produce any detectable CO; from the sub- 
strate. Indeed, a-methyl-pi-glutamie acid proved to be a potent in- 
hibitor of the enzyme. Although the racemic mixture of the amino acid 
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has not yet been resolved, it would appear likely that the L isomer is the 
one which exerts the most powerful inhibition, since p-glutamic acid js 
only a relatively weak inhibitor of the enzyme. The evidence presented 
in this paper supports the view that AMG and the substrate compete for 
the same sites on the enzyme surface and makes it evident that the three 
free functional groups of glutamic acid in the proper configuration are 
sufficient for the attachment to the active site of the enzyme. However, 
the presence of a hydrogen on the a-carbon atom is necessary for the de- 
carboxylation to take place. A recent study of the enzymatic decar- 
boxylation of glutamic acid in the presence of D,O showed that the hy- 
drogen atom on the a-carbon is probably not labilized during the decar- 
boxylation (10). Although the above results point to an important role 
of this hydrogen atom in the decarboxylation process, the nature of this 
function is not yet known. 

Because of its close structural similarity to glutamic acid, AMG should 
prove to be an antagonist to glutamic acid in a number of biological 
systems. It has been reported previously from this laboratory that this 
substance is a powerful competitive inhibitor of the utilization of glutamic 
acid for growth by L. arabinosus (1), probably acting by preventing the 
synthesis of glutamine from glutamic acid by this organism. 


SUMMARY 


1. A number of compounds structurally related to glutamic acid were 
tested for their ability to inhibit a glutamic acid decarboxylase prepared 
from Escherichia coli. 

2. The greatest degree of inhibition was shown by a-oximinoglutaric and 
a-methyl-pL-glutamic acids. 

3. It was concluded that the a-oximinoglutaric acid is probably active 
because of its hydrolysis to hydroxylamine, a known reversible, competi- 
tive inhibitor of the enzyme. 

4. a-Methylglutamic acid is a competitive inhibitor of this enzyme 
which combines only slowly with the enzyme and dissociates from it so 
slowly that displacement by substrate is not detectable under the con- 
ditions employed. 

5. It is suggested that a-methylglutamic acid combines with the en- 
zyme at three loci, but cannot be decarboxylated because of the absence 
of a hydrogen atom on the a-carbon. 


The author is indebted to Dr. Karl Pfister of Merck and Company, 
Inc., for generous supplies of many valuable compounds and to Dr. W. 
W. Umbreit for his interest in this work. 
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As a result of the studies by Warburg and his students (1) it was pro- 
posed that the prosthetic group of the sauerstoffibertragende Ferment (or 
cytochrome oxidase) is a dichroic heme. Other work has supported this 
proposal (2). However, experimental evidence has always been indirect 
because inability to render the enzyme soluble and to separate it from 
other cytoplasmic components precluded attempts to isolate the pros- 
thetic group directly from purified or partially purified active enzyme 
preparations. Attempts to isolate a dichroic prosthetic group of the heme 
began with the work of Negelein in 1933 (3). Later Roche and Bénévent 
(4) and more recently Rawlinson and Hale (5), Lemberg and Falk (6), 
Warburg and Gewitz (7), Granick (8), and Falk and Rimington (9) have 
made important contributions in this field. The above investigators all 
utilized crude heart muscle minces as starting material. The first isola- 
tion of a dichroic heme from an active, partially purified enzyme was 
reported in 1952 by Dannenberg and Kiese (10) who prepared their active 
enzyme according to the methods of Straub (11) and Yakushiji 
and Okunuki (12). 

When it was suggested in 1938 by Keilin that cytochrome oxidase might 
contain copper instead of iron (13), inability to purify the enzyme again 
prevented direct proof of this idea, although the weight of indirect evidence 
was against it. The first relatively direct attack on the problem was 
made by us in 1950 when, through the use of sodium desoxycholate, a 


* Supported by a grant from the Division of Research Grants and Fellowships of 
the National Institutes of Health, United States Public Health Service. This paper 
is based upon a thesis presented by Philip Person in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy at Rutgers University. A preliminary 
report of this work was presented at the Marine Biological Laboratory, Woods Hole, 
Massachusetts, in August, 1952. 

t Postdoctoral Research Fellow of the National Institute of Dental Research of 
the United States Public Health Service, 1950-52. Present address, Dental Re- 
search Unit, Army Medical Graduate School, Walter Reed Medical Center, Wash- 
ington, I). C. 
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partially purified, soluble, active oxidase was prepared and characterized 
(14). Direct determination of the copper content of such preparations 
yielded significant values. Since the copper content relative to the height 
of the absorption peak at 601 my was constant, while the iron content 
relative to the height of the peak at 601 my was not, it was suggested that 
cytochrome oxidase was a copper-containing enzyme. A method was 
sought, therefore, which would permit the isolation of the prosthetic 
group directly from the active enzyme and the determination of its metal 
content. 

It is possible to prepare an active cytochrome oxidase' which is nearly 
free from all traces of other members of the cytochrome complex. The 
prosthetic group of the enzyme may then be obtained by direct extraction 
with pyridine or acetone-HCl. The metal content of the precipitated and 
washed prosthetic group may be determined qualitatively by spectro- 
graphic analysis and quantitatively by colorimetric methods. In addition, 
by use of the method termed “the desoxycholate-pyridine probe,“ it is 
possible to isolate the prosthetic group of cytochrome h from mammalian 
heart muscle. 


Methods 


The insoluble preparation was made from beef heart according to the 

method of Batelli and Stern (15) as modified by Keilin and Hartree (16) 
and as previously described by us (14). An active soluble cytochrome 
oxidase, known as the Preparation 2-8, was made according to methods 
outlined by us (14). Cytochrome oridase activity was assayed manometri- 
cally by use of hydroquinone at pH 7.1 (14) with added cytochrome ¢ 
(17). Absorption spectra were obtained with the Beckman quartz spectro- 
photometer, model DU. Most readings were taken at 5 my intervals, 
but when absorption peaks appeared, 2 to 3 my intervals were usually 
used. 
Qualitative identification of the metals present in the cytochrome oxidase 
prosthetic group was performed with an Applied Research Laboratories, 
model G-S, 1.5 meter grating spectrograph. Special spectroscopic graphite 
electrodes obtained from the National Carbon Company were used. 


1 The authors are of the opinion that cytochrome a and cytochrome as have not 
been proved to be separate enzymes. They, therefore, assume that only one enzyme 
acts between cytochrome c and molecular oxygen. This component is termed cyto 
chrome oxidase and one of us (W.W.W.) is now gathering evidence to support the 
view that its characteristics are those that have been assigned by Keilin and otbhen 
to cytochrome oxidase, cytochrome a and cytochrome a; and by Warburg to his 
oxygen transporting enzyme. 

2 We are indebted to Dr. Seymour Zenchelsky, of the Department of Chemistry, 
Rutgers University, for generously making available the spectrographie equipment 
and for his advice during the analyses. 
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Quantitative determination of copper was performed by forming the salt 
of diethylyldithiocarbamic acid according to the method of McFarlane 
(18). Iron was determined quantitatively by a modification of the method 
of Lintzel (19). The complex-forming agent was a, a - dipyridyl. 

„on- free“ water was prepared by passing distilled water through a 
mixed bed ion exchange column 12 inches high and 14 inches in diameter. 
The resin used was Amberlite MB-3. After leaving the tip of the Pyrex 
glass cylinder which held the resin, the water came in contact only with 
aqua regia-treated glassware. 

All glassware used during the purification of the cytochrome oxidase 
prosthetic group or during the metal analyses was first washed in hot 
Calgonite solution. After five rinsings with tap water and five with dis- 
tilled water, the glassware was treated with boiling aqua regia for 1 hour. 
It was then washed ten times with “ion-free” water. 

The reagents used in the metal analyses were prepared with ion-free 
water and stored in glass-stoppered containers previously treated in the 
above manner. 


EXPERIMENTAL 


The insoluble preparation was our starting material. This was a sus- 
pension in 0.1 u Na,HPO,-KH,PO, buffer, pH 7.4, of colloidal particles 
obtained from beef heart muscle. These particles could be reaggregated 
by adding 0.2 M1 CHs;COONa-CH,COOH buffer, pH 4.6, to approximately 
pH 5.5. It was thus possible to resuspend and wash the particles in the 
alkaline buffer and then to reaggregate and separate them from the wash 
liquid by pH adjustment and centrifugation. A preparation could be 
washed as many as five times in this manner without seriously lowering 
its oxidase activity. In all cases the particles were finally resuspended at 
the alkaline pH. Elimination of much extraneous material, such as hemo- 
globin, was achieved by this method. 

Preliminary Isolation of Cytochrome Oxidase Prosthetic Group The ab- 
sorption spectrum of Preparation 2-3 dissolved in 0.1 u PO, buffer, pH 
74, and reduced with a pinch of sodium hydrosulfite is shown in Fig. 1. 
The absorption peaks of the cytochrome oxidase were at 442 my (y-peak) 
and 601 my (a-peak). No evidence was present of other major absorp- 
tions. The Qo, protein of this preparation at 25° is 1300, which had been 
prepared from an insoluble preparation washed three times. It had been 
lyophilized and stored for 3 years in a desiccator at 4°. For isolation of 
the prosthetic group 50 mg. of the dry material were extracted with 5 ml. 
of cold* reagent grade pyridine. After centrifugation at 1000 X g for 5 
minutes in the cold, the yellow-green fluid was decanted. It was then 


Cold refers to a temperature of 4°. 
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shaken vigoreusly with 5 ml. of cold, saturated, (NH.) 80. solution and 
centrifuged in the cold at 1000 X g for 20 minutes. 

A two-phase liquid system resulted, and at the interface between the 
upper pyridine layer and the lower aqueous layer there was a white, amor- 
phous precipitate. An aliquot of the pyridine layer was transferred to a 
cuvette and its absorption spectrum determined. ‘The results are plotted 
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Fria. 1. Absorption spectrum of Preparation 2-3 reduced with sodium hydrosulfite. 

Fig. 2. Absorption spectrum of the pyridine hemochrome of the prosthetic group 
of cytochrome oxidase extracted from a lyophilized enzyme preparation (after 
(NH,)2S80, treatment). 


in Fig. 2. The maxima of the absorption peaks are at 430 my (7-peak) 
and at 585 to 586 my (a-peak). There is no evidence for a 8 absorption in 
this preparation. The above spectrum is in very good agreement with 
those obtained for the pyridine complex of the cytochrome oxidase pros- 
thetic group by Negelein (3), Rawlinson and Hale (5), Dannenberg and 
Kiese (10), and others (6-9). 

Isolation of Prosthetic Group of Cytochrome Oxidase by Means of Desory 
cholate-Pyridine Probe At the time that the above preparation was made, 
it was felt that its relative purity, as judged spectrophotometrically, was 
in part a chance result. We questioned the reproducibility of such prep- 
arations. Furthermore, the material had been lyophilized and stored for 
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3 years, and it was important to know how fresh preparations would be- 
have. The answers to these problems and those mentioned in our intro- 
duction were found through use of the method termed the “‘desoxycholate- 
pyridine probe.“ 

An insoluble preparation was made which was washed five times. To 
each of six 3 ml. aliquots were added 1.50, 1.75, 2.00, 2.25, 2.50, and 2.75 
per cent sodium desoxycholate, respectively. Following vigorous stirring, 
the solutions were centrifuged at 25,000 X g for 1 hour in the cold. The 
supernatant solutions were decanted and filtered if much fat was present. 
For the determination of absorption spectra, I ml. of the supernatant 
solution was diluted to 5 ml. with 0.1 u PO, buffer, pH 7.4, and a pinch 
of sodium hydrosulfite added to reduce the enzymes. The spectra are 
plotted in Fig. 3, and the positions of the maxima of the cytochrome com- 
ponents are indicated. Referring to the a-peak for cytochrome oxidase 
at 600 to 603 my, we see that at 1.75 per cent desoxycholate no oxidase 
had become soluble; at 2.00 per cent a slight absorption appears, indicating 
solution of some oxidase. At 2.25 per cent the absorption is greater be- 
cause more Oxidase is dissolved. Examination of the curves in the region 
where the a-peaks for cytochromes c and h oceur (i. %., 550 and 560 mag, 
respectively) indicates that at 1.75 per cent there is a greater absorption 
by eytochrome c than by cytochrome b, at 2.00 per cent desoxycholate 
additional cytochrome b has gone into solution, and at 2.25 per cent it 
appears that very little more of either cytochrome h or c has been rendered 
wluble. 

These results indicate that a residue prepared with 2.25 per cent des- 
oxycholate should contain only cytochrome oxidase of the cytochrome 
components, since the cytochromes b and e are rendered soluble at this 
concentration. In order to demonstrate this with greater clarity, each 
residue was washed three times with cold 0.1 u PO, buffer, pH 7.4, and 
extracted with 4 ml. of pyridine so that the pyridine hemochromes of the 
enzyme prosthetic groups might be obtained. Since the pyridine hemo- 
chromes absorb very much more intensely and with greater sharpness of 
detail than do the enzymes themselves, this method is an extremely sen- 
sitive one for detecting minute amounts of the prosthetic group. If, for 
example, traces of cytochrome b, too small to be detected spectrophoto- 
metrically, were present in the 2.25 per cent residue, then extraction of 
the residue with pyridine would yield the pyridine hemochrome of the 
cytochrome h prosthetic group. 

The pyridine hemochromes as obtained by this direct extraction pro- 
cedure are in the reduced state and the addition of sodium hydrosulfite 
is unnecessary. They will remain stable for more than 38 days without 
any further treatment if kept in the cold. The absorption spectra are 
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plotted in Fig. 4. The pyridine extract of the 1.75 per cent desoxycholate 
residue absorbed at 587 my and also at 555 to 560 and 525 to 530 my, 
The absorption at 587 my is due to the cytochrome oxidase prosthetic 
group. That at 555 to 560 my may be due to the prosthetic group of 
cytochrome b, which is probably protoheme.“ The 525 to 530 my ab- 
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Fig. 3. Absorption spectra of the supernatant fluids obtained from desoxycholate- 
treated aliquots of the insoluble heart muscle preparation. 1.75, 2.00, and 2.25 per 
cent of sodium desoxycholate were used. 

Fig. 4. Absorption spectra of the pyridine hemochromes obtained from the res- 
idues of the desoxycholate-treated insoluble heart muscle preparation. The resi- 
dues were prepared by centrifuging aliquots of the insoluble heart muscle 
preparation which had been treated with 1.75, 2.00, and 2.25 per cent of sodium 


desoxycholate, respectively. 


500 500 


sorption is due mainly to the pyridine hemochrome of the prosthetic group 
of cytochrome b and may also be due in part to the cytochrome oxidase 
prosthetic group. This point will be discussed more fully later. The 
prosthetic group of cytochrome c is not split by pyridine from the enzyme 
protein under these conditions. 

The pyridine extract of the 2.00 per cent residue shows a sharper ab- 
sorption at 587 my than does the 1.75 per cent extract, in spite of the fact 


‘The reduced pyridine hemochrome of protoheme (ferroprotoporphyrin) absorbs 
at 417 to 420 ma, 525 to 528 my, and 555 to 558 my. 


8 


4 onl 
sho 

resi 

4 wit 
rem 
com 
1. 

hee 
N addi 

The 
20 n 

— ũͤk extr 

colo 
resid 

T 

ture 

of t 

The 

tinu 
adde« 

pyrid 

was 

preci 

rated 
preciy 
vealec 

ters. 

excep 

wash 


P. PERSON, w. w. WAINIO, AND B. EICHEL 375 


that the concentration of hemochrome is lower. There is little or no ab- 
sorption at 555 to 560 m. 

The extract of the 2.25 per cent residue shows an even sharper absorp- 
tion at 587 my, again in spite of a lower concentration of hemochrome. 
Here too the absorption at 555 to 560 my has disappeared. The decrease 
in height of the absorption at 587 my is due to two factors: (1) that as the 
concentration of desoxycholate is increased, the amount of enzyme in the 
residue from which the hemochrome is extracted is decreased; (2) that in 
this experiment the solutions in the cuvettes were deliberately diluted in 
order to permit the superposition of the absorption curves in the manner 
shown. 

We may conclude from the above that the 2.00 and the 2.25 per cent 
residues contain no cytochrome b. The same conclusion may be drawn 
with respect to cytochrome c. Although pyridine extraction does not 
remove its prosthetic group, the absorption curves of Fig. 3 indicate its 
complete removal. 

Following the determination of the exact concentration of desoxycholate 
necessary for the preparation of a residue containing only cytochrome 
oxidase, the remainder of the insoluble preparation was fractionated by 
adding the required amount of sodium desoxycholate to 10 ml. aliquots. 
The residues from about 200 ml. were pooled and washed three times with 
20 ml. of 0.1 u phosphate buffer, pH 7.4. The pooled residue was then 
extracted with 20 ml. portions of reagent grade pyridine until no further 
color appeared in the extract. The Qo, protein of the pooled, washed 
residue prior to pyridine extraction was 1800. 

The pyridine was drawn off under reduced pressure at room tempera- 
ture and, when the volume was reduced to about one-third to one-quarter 
of the original, a copious cream-colored precipitate formed in the flask. 
The deep green pyridine solution was filtered and the evaporation con- 
tinued. When about 5 ml. of pyridine remained, a few ml. of water were 
added to the flask and the evaporation continued. As the volume de- 
creased, a deep green precipitate suddenly formed. Usually all of the 
pyridine had been drawn off when this occurred, since the odor of pyridine 
was no longer detectable in the flask. The prosthetic group could also be 
precipitated from acetone-HCl solutions. The addition of 1 ml. of satu- 
rated sodium chloride to the evaporated solution sometimes hastened the 
precipitation. Examination of the precipitate under the microscope re- 
vealed the presence of tiny, green crystals which appeared as needle clus- 
ters. They were reminiscent of the appearance of glucosazone crystals, 
except for color. 

The precipitate was transferred to aqua regia-treated glassware and 
washed three times with “ion-free” water. It was then transferred to 
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another clean vessel, dissolved in 10 ml. of cold, reagent grade pyridine, 
and reprecipitated with the aid of 1 ml. of saturated sodium chloride solu- 
tion. Following a transfer to a clean vessel, it was again washed three 
times with “ion-free’’ water. A portion of the precipitate was set aside 
for spectrographic analysis, and the remainder was dissolved to a volume 
of 25 ml. with cold reagent grade pyridine. 

Determination of Metal Content of Cytochrome Oxidase Prosthetic Group— 
A qualitative analysis was made spectrographically. The end of the 
lower graphite electrode was ground out to form a cylindrical cup. Moist 
precipitated prosthetic group was transferred to it with an eye dropper 
and dried in an oven at 60°. 

The analyses were performed under the following conditions: spark gap 
z inch, amperage 3.5, voltage 75, sparking time 10 to 300 seconds, film- 
developing time 45 seconds. 

The developed film was read and analyzed in an Applied Research Labo- 
ratories Dietert comparator. The elements present were identified by their 
spectral lines with the aid of wave-length tables (20). The following ele- 
ments were identified: C, Cu, Fe, Mg, Na, and P. 

Of these elements only Fe and C were detected in the electrode blank. 
The presence of C, Na, and P in this analysis does not raise questions. 
Mg was considered to be a contaminant arising from the sodium chloride 
used during the precipitation of the prosthetic group, since quantitative 
analysis of the material for Mg by forming the titan yellow complex (21) 
vielded no measurable values. This left the presence of Cu and the in- 
creased Fe to be investigated. 

Copper and iron were then determined quantitatively. Standard cali- 
bration curves for each metal were prepared (see Fig. 5). Aliquots (3 
ml.) of the pyridine solution of the prosthetic group were analyzed for Cu 
and Fe. Each analysis was accompanied by a reagent blank and a stand- 
ard containing a known amount of each metal. On the basis of the degree 
of purity of the preparation it was desired to obtain a reproducibility of 
1 y in these analyses. This was achieved, and all determinations may be 
considered to be +1 Y. The results of the analysis are given in Table I. 
from which we see that in the samples analyzed (Experiment 1) there 
were 7 7 of Fe and no detectable Cu. However, the presence of a large 
Cu blank made it advisable to repeat the analysis. Accordingly, a new 
prosthetic group, precipitated three times, was prepared and analyzed as 
before. The Cu content of these samples was also zero (Experiment 2). 
The Fe content was 2 y. 

Using the data of this last analysis, we have calculated the extinction 
coefficient of the pyridine hemochrome of the prosthetic group based upon 
its Fe content. The optical path was 1.0 cm. long. The optical density 
reading at 587 mu was 0.340. Since the atomic weight of iron is 55.8 
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and the amount of the metal contained in 1 ml. of solution would be 2 + 
3 ml. = 0.66 y per ml., we may set up the following proportion 


0.66 X 10° 35.85 
0.340 € 


where e is the “molar” extinction coefficient of the hemochrome based 
upon the gm. atom weight of iron and not the actual molecular weight of 
the complex. The calculated value of e is 0.25 X 10°. 

Isolation of Prosthetic Group of Cytochrome h By means of the “desoxy- 
cholate-pyridine probe.“ a concentration of sodium desoxycholate was 


0 20 40 60 8 {00 
Y metal 
Fido. 5. Standard curves for trace metal analyses 


found which yielded a supernatant solution containing cytochromes b 
and c and no oxidase. Extraction of such a supernatant solution with 
pyridine resulted in the splitting off of only the prosthetic group of cyto- 
chrome b: that of cytochrome e remained attached to its protein. In 
order to prove that the prosthetic group or cytochrome e is not removed 
by pyridine under the above conditions, the following experiment was 
performed. 1.3 mg. of 64.5 per cent pure cytochrome e were stirred vig- 
orously for several minutes in pyridine. The material was centrifuged and 
the supernatant fluid examined. There was no detectable absorption be- 
tween 650 and 400 my. It was immaterial whether the cytochrome e 
was in solution or in the dry state, or whether sodium desoxycholate was 
present or not. The prosthetic group is so tightly bound to the protein 
that it is not given up to the pyridine. 

The pyridine hemochrome of the cytochrome 6 prosthetic group is also 
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stable for more than a month at 4° and is in the reduced state. The ab- 
sorption spectrum of the hemochrome is plotted in Fig. 6. The absorption 
maxima or peaks are located at 420, 523 to 528, and 555 my. The shape 


Tasie I 
Copper and Iron in Pyridine Hemochrome of Prosthetic Group of Cytochrome Oxidase 
Copper Iron 
1 Blank 0.18 Blank 0 
Unknown 0.18 0 Unknown 0.04 7 
Standard (20 7) 0.57 21 Standard (40 5 0.23 40 
2 Blank 0.05 Blank 0 
Unknown 0.05 0 Unknown 0.01 2 
Standard (20 7) 0.39 19 Standard (40 +) 0.23 40 
Xx = 440 ma, slit = 0.06 mm. a 
ft A = 523 ma, slit = 0.03 mm. 
8 
8 
Ta / 
8 


400500600 700 
2 
Fic. 6. Absorption spectrum of the pyridine hemochrome of the prosthetic group 
cytochrome b. 


of the curve and the location of the maxima are very similar to those ob- 
tained by Rawlinson and Hale (5), who isolated protoheme, the prosthetic 


group of cytochrome b, from Corynebacterium diphtheriae. 


DISCUSSION 
The use of pyridine to extract hemes from biological materials has been 
known for many years (22). The desoxycholate fractionation of the 
cytochromes is a relatively recent development. It is not understood how 
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desoxycholate renders the enzymes soluble. Since desoxycholate forms 
chelation complexes readily (23), it might in this instance react with a 
lipide component of the enzyme. We must also consider the formation 
of “association micelles” as proposed by Ekwall to explain the solubility 
of hydrocarbons in solutions of sodium desoxycholate (24). 

It was pointed out early in the work of Batelli and Stern (15) that ex- 
posure of the insoluble heart muscle particles to acid results in a loss of 
enzymatic activity. It is, therefore, gratifying to discover that the re- 
peated exposure to acid during the washing procedure used here does not 
inactivate the preparation. A preparation “exposed” five times yielded 
an oxidase with a Qo, protein of 1800 at 25°. 

The calculated extinction coefficient at 587 mu, « = 0.25 X 10, for the 
pyridine hemochrome of the prosthetic group of cytochrome oxidase is 
lower than those reported byNegelein (3), 0.52 X 10, and by Dannenberg 
and Kiese (10), 0.65 X 10°. However, since extensive purification of the 
prosthetic group was not attempted and since there is a great saving in 
time and effort, the purity of the compound as judged spectrophotometri- 
cally is good. It is our hope to develop a further purification which will 
involve exposure of the prosthetic group to even milder conditions. 

The results of the metal analyses indicate that iron, and not copper, is 
the metal component of the prosthetic group of cytochrome oxidase. 
While this constitutes a reversal of our previous interpretations, it does 
not negate the experimental results reported (14). These earlier studies 
suggested three possibilities to explain the presence of copper in Prepara- 
tion 2-3: (1) that it was present as a copper-porphyrin complex; (2) 
that it was bound to the enzyme protein; (3) that it was a contaminant. 
The first of these possibilities appears very improbable, judged on the basis 
of our present studies and those of Dannenberg and Kiese (10). The 
other two remain to be resolved by appropriate experimentation. 

The question of whether the pyridine hemochrome of the cytochrome 
oxidase prosthetic group has a two-banded or a three-banded absorption 
spectrum is an open one. Roche and Bénévent (4) in 1936 found a typical 
three-banded absorption. They demonstrated that such compounds could 
be degraded or altered to yield a two-banded spectrum. 

Rawlinson and Hale (5) and others have contended that the reverse is 
true. They argued that, since the addition of cysteine to the pyridine 
hemochrome absorbing at 587 and 430 mu caused disappearance of the 
587 mu peak and the appearance of two new peaks at 553 and 525 mu, 
the three-banded absorption spectrum is derived from the two-banded one. 
The presence of the three absorption maxima in Roche and Bénévent’s 
preparations was thus explained by Rawlinson and Hale. It would appear 
that both sides have offered evidence to support their own arguments, but 
neither side has specifically refuted the other’s contentions. 
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Our own experiments are not conclusive. We have isolated reduced 
hemochromes with two major absorptions at 585 to 587 my and 428 to 
430 my. Other preparations have a minor absorption at 525 to 530 my. 
We hesitate to dismiss this absorption on the basis suggested by Rawlinson 
and Hale that it represents traces of a breakdown product or of an im- 
purity. In view of the known lability of the dichroic heme, the possibility 
that this represents a true third absorption maximum must be excluded 
by more rigorous studies. It is interesting to note in this connection that, 
while the reduced cytochrome oxidase itself is considered by many to 
have only two absorption maxima, Ball and his associates in recent studies 
(25, 26) have proposed that it may have three maxima. If the prosthetic 
group iron is linked to enzyme protein via nitrogen atoms of the protein, 
then the enzyme by definition is a hemochrome. If the pyridine hemo- 
chrome possesses a two-banded absorption spectrum, while the enzyme 
possesses a three-banded spectrum, this would prove to be of great signifi- 
cance and might lead to an understanding of the nature of the linkages 
involved. 

Concerning the desoxycholate-pyridine probe“ the following may be 
said: (1) It permits extraction of the prosthetic group of cytochrome oxi- 
dase directly from the active, partially purified enzyme. (2) It has enabled 
us to obtain the prosthetic group of cytochrome h from animal tissues for 
the first time. (3) The prosthetic groups are obtained in the form of their 
reduced pyridine hemochromes and they are remarkably stable without 
further treatment. (4) The prosthetic groups are protected, in the sense 
that they are bound to enzyme protein until the moment of extraction. 
Chemical conditions during preparation of the enzyme and the extraction 
of the prosthetic groups are very mild. The pH values are approximately 
between 7.4 and 5.4. (5) The time and effort involved in obtaining prep- 
arations of relatively good purity as judged spectrophotometrically have 
been materially lessened. This, coupled with the stability of the products 
obtained, makes it probable that the accumulation of significantly greater 
amounts of the prosthetic group of cytochrome oxidase than has hereto- 
fore been possible may be achieved by this method. 

It must be remembered that, not only is the reduced pyridine hemo- 
chrome exceptionally stable, but so is the enzyme itself. Lyophilized 
Preparations 2-3 have been kept in a desiccator at 4° for 2 to 3 years and 
have remained active. Thus the enzyme itself may be concentrated and 
stored to provide increased amounts of purer starting material than is 
afforded by crude heart muscle. 


SUMMARY 


1. The isolation of the prosthetic groups of cytochrome oxidase and 
cytochrome b has been accomplished. Graded concentrations of sodium 
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desoxycholate are used to render the enzymes soluble and to separate them, 
and pyridine is used to extract the prosthetic groups in the form of their 
reduced hemochromes. This marks the first time that the prosthetic 
group of cytochrome b has been obtained from animal tissues. 

2. The reduced pyridine hemochrome of the cytochrome oxidase pros- 
thetic group has maxima at 428 to 430 and 585 to 587 ma. An additional 
minor absorption at 525 to 530 my is found in some preparations. The 
true nature of this additional absorption is not known. 

3. The metal component of the prosthetic group of cytochrome oxidase 
appears to be iron and not copper. 

. The reduced pyridine hemochrome of the cytochrome b prosthetic 
group absorbs visible light in almost the same manner as does the reduced 
pyridine hemochrome of ferroprotoporphyrin. 

5. Pyridine solutions of the isolated prosthetic groups are stable for 
more than a month at 4°. 
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THE CARBON MONOXIDE COMPOUNDS OF THE 
CYTOCHROME OXIDASES 


I. DIFFERENCE SPECTRA* 
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(From the Johnson Research Foundation, University of Pennsylvania, Philadelphia, 
Pennsylvania) 


(Received for publication, May 29, 1952) 


In previous papers we have described methods for accurately measuring 
the spectra that represent the differences between the oxidized and the 
reduced forms of the cytochrome components of the turbid heart muscle 
particles that contain the intact succinic oxidase system (1, 2). In order 
to extend the pioneer observations of Keilin and Hartree on the carbon 
monoxide compound of cytochrome a; (3) and in order to delineate the 
oxidase components of various cells in more detail, we present for the first 
time direct recordings of the spectra that represent the differences between 
the carbon monoxide compounds of the cytochromes and their reduced 
forms in highly active heart muscle preparations, bakers’ yeast cells, Bacil- 
lus subtilis, Acetobacter pasteurianum, Staphylococcus albus, and Aerobacter 
aerogenes, etc. A comparison of the Soret bands of the carbon monoxide 
compounds verifies that Keilin and Hartree’s cytochrome a; of heart mus- 
cle is very similar to the cytochrome oxidase of bakers’ yeast and B. subtilis. 
On the other hand, the Soret band of the carbon monoxide compound of 
the cytochrome oxidase' of A. pasteurianum differs significantly from that 
of yeast and muscle and the spectrum of a new CO-binding pigment? of 
S. albus differs markedly from any other known cytochrome (3, 4). And 
A. aerogenes shows a scarcely detectable amount of any CO-binding pig- 
ment in the region of the Soret band. On the basis of studies of a variety 
of bacteria, various patterns of their CO-binding cytochromes are deline- 
ated. These data are correlated with the spectra of reduced cytochromes 
in a paper to be published by Dr. Lucile Smith. 

* This research was supported in part by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service, and from the Office of Naval Research. 

In this paper we deal with the respiratory enzymes of a wide variety of materials 
in which the cytochrome oxidase may not be identical with Keilin and Hartree’s 
cytochrome a;. One must distinguish between the various cytochrome oxidases by 
appropriate designations (at, a3, etc.) or by naming the material in which it is found. 


*A CO-binding cytochrome may not be termed a cytochrome oxidase until its 
chemistry and function have been studied in a manner similar to that of Keilin and 


Hartree’s cytochrome a, or Warburg’s respiratory enzyme. 
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Preparations—The suceimic oxidase preparations used in these studies 
were prepared by the modifications of the Keilin and Hartree procedure (5) 
described previously (6). A small contamination with CO hemoglobin has 
heen found to shift the absorption band of cytochrome a,-CO from 430 
towards 419 ma. To avoid such an error, we have used heart muscle 
preparations which were freed from hemoglobin as already described (6) 
and give a satisfactory figure in our spectrophotometric test for freedom 
from hemoglobin (K: 2 6 (6)). Fly muscle sarcosomes have also been 
used because they are naturally free of hemoglobin. The bakers’ yeast is 
from the National Yeast Corporation. The sources of the bacterial cul- 
tures, the culture conditions, and the ages of the cultures at the time of 
these studies are described in a separate paper by Dr. Lucile Smith under 
whose supervision the bacterial suspensions were prepared. 

Methods—Whereas the oxidized-reduced spectra are readily recorded 
without any physical disturbance of the turbid suspension when the respi- 
ratory activity exhausts the dissolved oxygen and causes reduction of the 
oxidized cytochromes, the formation of the CO compounds requires bub- 
bling with the gas, or the addition of a solution of the gas, both of which 
alter the turbidity of the cell suspensions. Turbidity changes are avoided 
if equal volumes of aerobic cells and CO-saturated anaerobic cells are 
mixed in the chamber and observation tube of the stopped flow apparatus 
(7). On mixing, CO is dissociated from the cells that were previously 
anaerobic and the optical density corresponding to the steady state oxidized 
cells is registered. Upon exhaustion of the oxygen due to oxidase activity, 
CO combines with the cytochromes and the change of optical density from 
the steady state oxidized to the reduced CO compounds is registered. The 
corresponding oxidized minus reduced spectrum may be subtracted from 
these results to give the CO minus reduced spectrum.’ 

Recently we have developed a rapid and sensitive recording spectropho- 
tometer that plots as a function of wave-length the difference of optical 
density of two solutions on a scale of 10 inches = 0.050 in optical density 
with an error of ~2 X 10~ and at a rate of a few millimicrons per second 
on a linear wave-length scale (8). We present here a technique for using 
this apparatus with turbid cell suspensions and a typical experiment is 
illustrated by Fig. 1. Equal concentrations of the substrate-free, aerated 
cell suspension are placed in the two cuvettes of 1 em. optical path and 8 
base-line is drawn as shown by Fig. 1, Trace a. The substrate is added to 


+A spectrum representing the difference of optical densities between two forms 
of the pigment is called a difference spectrum. A difference spectrum corresponding 
to the reduced and oxidized forms is called a reduced spectrum and one correspond- 
ing to the CO and the reduced forms is called a CO difference spectrum or a CO 


spectrum. 
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one cuvette, the oxygen is soon depleted, and then Trace b is drawn corre- 
sponding to the reduced minus oxidized spectrum.“ The substrate is then 
added to the other cuvette so that its contents also become reduced. 
Thereupon a second base-line is drawn (Trace ch. With rapidly settling 
cells such as leucocytes, the contents of the two cuvettes may be mixed 
together and returned to the cuvettes in order to equalize any differences 
of turbidity that may have occurred. Now the contents of one cuvette 
are bubbled for a minute with a stream of tank CO and thereafter Trace d 


1 0. lo 


8 


2 


increment of Optical Density (em-) 


Fic. 1. Illustration of the measurement of the spectra. Trace b represents an 
original record of the spectrum of the difference between the succinate-reduced and 
the oxidized forms of the cytochromes of a heart muscle preparation. The base-line 
for Trace h is either Trace a or Trace e. Trace d represents the spectrum of the dif- 
ference between the CO compound of the cytochromes and their reduced form. The 
base-line for Trace d is either Trace e or ¢. The experimental details are described 
in the text. (Ky = 5.7, X. = 49, heart muscle Preparation 59n, 0.15 u PO,", pH = 
7.2, 13 mm succinate, Experiment 880b-3.) 


is obtained, representing the difference between the CO and reduced form 
of the cytochromes. The final base-line (Trace e) is obtained after bub- 
bling the contents of the other cuvette with CO for a minute. The spectra 
are usually plotted with respect to base-line Traces c or e to give results 
similar to Fig. 2. 

A representation of the effect of CO upon the cytochromes of heart 
muscle preparation that more nearly approximates that observed with 
visual spectroscopy is later provided by Fig. 6 of Paper II. In this case 
the contents of one cuvette are maintained oxidized so that the spectra of 
the CO and reduced forms of the cytochromes are subtracted from those of 
the oxidized form. But the method of Fig. 1 is more useful because it 
shows the difference spectra of only those cytochromes that bind CO. 
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This method yields reliable spectra with highly turbid and rapidly set. 
tling cell suspensions such as leucocytes (9) or ascitic tumor cells (10), with 
highly pigmented cells such as Micrococcus lysodeikticus, etc., with a small 
colony yeast mutant‘ which contains little cytochrome, and with other 
interesting materials. The method is indispensable for the detection of the 
very small changes of the Soret bands of Escherichia coli, A. aerogenes, ete., 
caused by the addition of CO. A drawback of the method is that the 
turbidity of the two cuvettes may vary at unequal rates and a shift may 
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Fic. 2. Difference spectra of the reduced and CO compounds in heart muscle 
preparation (A) and bakers’ yeast (B). Conditions in A same as those in Fig. ! 
(heart muscle Preparation 56n, K. = 4.7, K. = 21, Experiment 875-12). B, bakers’ 
yeast starved for 12 hours + 7 m glucose (Experiment 876C-6). 


arise in the interval between base-line calibrations. Thus the spectra may 
be drawn on a displaced (see Trace d of Fig. 1) or slanted base-line. But 
this is readily corrected by taking a few points on the spectra with the first 
method described above (see also Chance (1)) and correcting for the base- 
line shift when the traces are replotted as in Fig. 2, A. In some bacteria 
and yeast cells, light-scattering effects can alter the optical density changes 
due to the cytochromes. In these papers our interest is centered upon the 
relative magnitudes of the changes due to the CO and reduced forms of the 
cytochromes. Light scattering would affect these values equally and 
would not alter appreciably the ratios given in Tables I and II. 


* Kindly supplied by Dr. C. Raut of the Detroit Cancer Research Institute. 
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Our later studies (Papers II and III) show that no measurable photo- 
dissociation of the CO compounds due to the light from the spectropho- 
tometer would occur at the large CO concentrations used. In the case of 
the Soret bands of A. aerogenes and other bacteria that show only a very 
small change upon the addition of CO, a considerable narrowing of the 
monochromator slits caused no change in the results. 


EXPERIMENTAL 


Succinic Oxidase System of Heart Muscle and Intact Yeast Cells—The 
data of Fig. 1 are replotted in Fig. 2, A and may be compared with our 
results on bakers’ yeast cells in Fig. 2, B. The reduced spectra’ are also 
included and show the relatively larger content of cytochromes b and c in 
the yeast cells as evidenced by the broad peak at 430 my. (This difference 
spectrum may be compared with the results obtained 10 years earlier by 
Chaix and Fromageot (11) who used a photographic method.) The peak 
of the Soret band of the CO difference spectrum of heart muscle lies at 
430 mu and is in agreement with Keilin and Hartree’s visual observations 
(3), as are the positions of the visible bands measured by the same methods, 
but not shown here for the sake of brevity. The heart muscle preparations 
used here were quite free from hemoglobin as evaluated by the criterion 
established previously (Kz = ADus/AD433 6 (6)) and results similar to 
those of Fig. 2, A were obtained with fly muscle sarcosomes that are 
naturally free from hemoglobin; the average value of our determinations 
of the peak of the CO difference spectrum is 429.5 mu. Preparations of 
appreciable hemoglobin content according to our criterion (K; = 1) give 
a peak in the CO difference spectrum at 424 my’ and we offer the result 
as an explanation of the work of Ball et al. (12) who find the peak of the 
CO band at 423 my. Although it is possible that the rather large desoxy- 
cholate content of their preparation could account for our different results, 
Smith (personal communication) finds a peak at 430 my with her cholate- 
treated and highly purified cytochrome oxidase preparation. In any case, 
our results on heart muscle preparations more nearly represent the situa- 
tion within the living cell and are in excellent agreement with the results 
obtained with living yeast cells. In the latter case, we find the peak of the 
CO difference spectrum at 430 my as shown by Fig. 2, B. Thus one more 
point of similarity of yeast and heart muscle cytochromes is provided. We 
also find good agreement of the visual absorption bands of the cytochromes 
of yeast and muscle as have Keilin and Hartree (3) and have omitted our 
results only for the sake of brevity. 

Since the positions of the absorption bands of the reduced forms and the 
CO compounds of the cytochromes of muscle and yeast are found to be 
identical, it is desirable to determine whether the sizes of the CO bands 
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bear the same relationship to the sizes of the reduced bands in muscle and 
yeast. In the Soret region, the size of the CO band is measured by the 
algebraic sum of the optical density changes at 430 and 445 my as would 
be measured from the reduced + CO” traces of Fig. 2. The size of the 
reduced band is similarly measured at 445 my with respect to the oxidized 
form to avoid excessive contribution due to the flavoprotein of yeast cells, 
In the visible region, the corresponding wave-lengths are 589 and 605 ma 
for the CO compound, and 605 and 630 mu for the reduced pigment. 
Table I shows that the proportions of the Soret bands of veast and muscle 
are nearly identical, but the visible band of yeast shows a relatively larger 
amount of the CO compound. These data also show that the formation of 
the CO compound affects the Soret band of the reduced cytochrome two to 
three times as much as the visible band in accordance with Keilin and 


TABLE I 
Properties of Carbon Monoxide Compound of Cytochrome a; of Yeast, Muscle, and 
Bacteria 


ADae-ws 
| 
Cholate-treated preparation*...... | 1.0 0.35 
Heart muscle partieles 880b-2, 7 0.90 0.30 
Fly muscle sarcosomes............ 910e 0.80 
EE 876 0.95 0.48 
NG ee 9, 10 2.6 1.0 


* Dr. Lucile Smith (personal son: 1 comm unication). 2 


Hartree’s conclusion that their absorption band at 448 my is mainly due to 
cytochrome a; and that the band at 605 my is mainly due to cytochrome 
a (3). 

Bacterial Cells—-Although the visible absorption bands of the cytochromes 
of bacteria have been studied intensively by visual spectroscopy (see for 
example Tamiya and Yamagutchi (13)) and in a preliminary fashion by 
spectrography (Chaix and Fromageot (11)), no technique has previously 
been used for a comprehensive study of the Soret bands. By using the 
methods described above, data have been obtained for the reduced cyto- 
chromes of numerous bacteria, as will be published in detail by Dr. Lucile 
Smith, and here we present our results on the CO compounds of their cyto 
chromes. 

In B. subtilis, Keilin has already reported the absorption band of cyto 
chrome a (4) and we would expect to find the Soret band of «a pigment 
similar to cytochrome a;. This we do find, as shown by the spectrum d 
Fig. 3, A: there is a clear cut shoulder at 445 my on the side of the strong 
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peak at 422 my. Also the peak and trough of the difference spectrum of 
the CO compound lie at 430 and 445 my, as in the case of yeast cells and 
heart muscle preparations. But Table I shows that the relative propor- 
tions of the CO and the reduced bands of B. subtilis differ markedly from 
those of yeast and heart muscle; in this case there is relatively more ab- 
sorption due to the CO compound. 
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Fic. 3. Difference spectra of the reduced and CO compounds in B. subtilis (A), 
A. pasteurianum (B), S. albus (C), A. aerogenes (D), and P. vulgaris (E). In 4, the 
bacteria are in phosphate buffer and 10 mu glucose are present (Experiment 10). 
In B, the bacteria are in acetate buffer, pH 5.5, and 7 mu glucose are present (Ex- 
periment 940-1). In C, the bacteria are in phosphate buffer, pll 7, and 7 mu glucose 
are present (Experiment 881B). In D, the bacteria are in water, with 3.3 mu lac- 
tate present (Experiment 876d-2). In E, the bacteria are in phosphate buffer, pH 
6.0; endogenous substrate (Experiment 801 B). 
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In A. pasteurianum, we find the a-band of the CO compound to lie at 
the same position as that of cytochrome a; of yeast cells in accordance 
with previous work (3, 14). But the peak and trough of the difference 
spectrum lie at 427 and 442 my, a significant displacement from the values 
for cytochrome a; (compare Fig. 3, B with Fig. 2). Since this discrepancy 
of the Soret bands is confirmed by a more accurate method (see Paper II 
of this series), we conclude that the pigment in A. pasteurianum is not 
cytochrome a; and define the pigment as a cytochrome of type a; on the 
basis of the bands of its CO compound at 590 and 427 mu. 

Our results for S. albus are given in Fig. 3, C and show a CO difference 
spectrum that differs markedly from that of muscle, yeast, and A. pasteuri- 
anum. The peak and trough of the CO absorption band lie at 416 and 
432 my, respectively, with no measurable indication of the CO bands of 
either cytochromes a; or a3. Since this spectrum is confirmed by a more 
accurate method (see Paper II), the absorption band is attributed toa 
hitherto unidentified CO-binding pigment. The a- and 8-bands of the 
CO compound lie roughly at 578 and 540 my, although they are registered 
much less clearly than the y-band. 

It is remarkable that S. albus, which contains a strong band of cyto 
chrome a at 603 my (13), does not show a detectable amount of cytochrome 
ds, either as the y-band of the reduced cytochrome at 445 my or as the 
y-band of the CO compound at 430 my. This appears to be the first 
example of the existence of cytochrome a without a spectroscopically de- 
tectable amount of cytochrome a; in the region of the Soret band, where 
cytochrome a;-CO is two to three times easier to detect than in the visible 
region of the spectrum (cf. Table I). 

The position of the peak of this CO band at 416 ma is indeed remarkable 
since it is in the range for a protohemin enzyme and quite outside the range 
of cytochromes of type a. The possibility that a protohemin enzyme could 
be a terminal respiratory pigment needs now to be seriously reconsidered. 

That this new pigment is identical to the cytochrome a, of Chin (15) iss 
rather remote possibility, since that pigment has an a-band of the reduced 


5 We have refrained from designating this pigment a cytochrome of type a because 
the position of the Soret band of the CO compound lies at a wave-length characteris- 
tic of protohemin enzymes instead of green hemin enzymes as are cytochromes of 
type a. It would not be impossible to have a cytochrome oxidase of type b. We 
have attempted to avoid any artifact due to hemoglobin contamination of the me- 
dium on which these bacteria were cultured; S. albus was grown on a Bacto-tryptone- 
agar medium that showed no increase at 556 ma relative to 540 my in the pyridine 
hemochromogen test. The interesting possibility that the bacteria themselves syn- 
thesize very small amounts of hemoglobin cannot yet be tested. The bacteris 
should, however, contain a CO-binding cytochrome since their respiration is CO- 
sensitive. 
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form at 612 ma that is not seen in S. albus and an a-band of its CO com- 
pound that is indistinguishable from that of cytochrome a. 

Only in B. subtilis, A. pasteurianum, S. albus, and M. lysodeikticus have 
we obtained distinctive and homogeneous Soret bands of the CO com- 
pounds. In other bacteria we have studied, the change in the Soret bands 
upon addition of CO is much smaller in proportion to the Soret bands ot 
the reduced cytochromes (see Table II), and, in addition, shows the peculiar 
form illustrated by Fig. 3, D and E. In Proteus vulgaris (Fig. 3, E), a peak 
of the CO band similar to that found in S. albus is found at 418 ma, but 
the trough at 430 my leads to a complex absorption band that consists of a 
small, sharp peak and a second trough at 437 and 445 my, respectively 


Taste II 
Properties of Soret Bands of Carbon Monoxide Compounds of Cytochrome Oridases of 
Some Bacteria 
Bacteria Rand [Peak of CO band | 
ma — 
B. cubtilis. e 9. 10 422 430 0.26 
A. pasteurianum................ 8914 427 427 0.52 
A. aerogenes...__. 876d 430 437t ~0.02 
876d 430 4371 0.04 
A. chroococcum................. 876d 430 437t 
891B 430 418 (437) ~.02 


» These are peak to trough values measured as described in Table I for cyto- 
chrome a, but at wave-lengths appropriate to the various pigments involved. 
t W-shaped CO band representing a mixture of CO-binding pigments. 


(for the details of these curves, see Fig. 4). Such a spectrum cannot be 
attributed to that of any single hemoprotein yet discovered (16), and we 
prefer to explain this result on the basis of the overlapping spectra of two 
cytochrome-CO compounds; for example, the troughs at 430 and 445 mu 
could be attributed to a mixture of the CO-binding pigments of Fig. 3, B 
and C, respectively, the peak of the former being largely obscured by the 
trough of the latter at 432 my, leaving only a small peak at 437 mu. An 
actual subtraction of the CO spectrum of Fig. 3, C from that of Fig. 3, E 
gives as a remainder an approximation to the CO spectrum of Fig. 3, B. 

In those bacteria in which cytochrome a; predominates, even more com- 
plex mixtures of the spectra of CO compounds are found, for example, in 
A. aerogenes (see Fig. 3, D), E. coli, and Azotobacter chroococcum. And the 
optical density change caused by CO addition is even more minute in 
relation to the size of the Soret band of the reduced form than in the case 
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of P. vulgaris (see Table II). In spite of the fact that a relatively large 
change in the visible spectrum occurs upon formation of cytochrome a;-CO, 
all that is observed is a small peak at 437 my flanked by two troughs at 
430 and 445 my; the peak at 416 my of Fig. 3, E has disappeared (for detail 
see Fig. 4). This complex spectrum would require not only the overlapping 
of the spectra of Fig. 3, B and C, but also another pigment, possibly the 
Soret band of the CO compound of cytochrome a: that obscures the band 
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Fic. 4. Comparison of the mixed“ CO bands in P. vulgaris (Curve A) and A. 
aerogenes (Curve B) (Experiment 891-8). 


at 416 ma found in Fig. 3, E. Thus three CO-binding pigments may con- 
tribute to the spectra of these bacteria. 

Nature and Function of Cytochrome a, of A. aerogenes—Although it is not 
our purpose to present here a comprehensive review of this topic, some d 
these data must be considered in connection with the recent discussions d 
Tissiéres (17) and Chin (15). First, our CO spectra verify the presence d 
the very active cytochrome a, of A. pasteurianum, already observed to be 
present in A. aerogenes as a weak band in the visible region by Tissiére 
under a wide variety of culture conditions. Second, the change in optical 
density on the formation of the CO compound of cytochrome a: is much 
less in the Soret region compared to the visible region than would be ex 
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pected on the basis of our studies of cytochromes such as di or a; and of 
soluble hemoproteins (compare Tables I and II). Lemberg and Wyndham 
have already pointed out that the position of the a-band of cytochrome a: 
is characteristic of an open ring tetrapyrrole (18), and the lack of a dis- 
tinctive Soret band supports such a view. And it remains to be proved 
that iron porphyrin proteins, oxidized to the extent that their Soret bands 
are depressed, can act as respiratory enzymes. Third, whereas Tissiéres 
observed by visual spectroscopy at low temperatures that cytochrome au: 
is reduced slowly compared to cytochrome bi as the oxygen is exhausted, 


we find the opposite result when the intensity changes are recorded by a 


Fic. 5. The relative rates of reduction of cytochromes a, and bi in A. aerogenes. 
The two traces are recorded simultaneously by a double beam spectrophotometer. 
Optical density increase is registered as an upward deflection at 630 my and as a 
downward deflection at 560 ma. Cells in water plus 3.3 mu glucose, 10° (Experi- 
ment SS4a-14). 


rapid spectrophotometer (7). Fig. 5 shows a typical study at 10°; the 
reduction of cytochrome a; is recorded as an upward deflection at 630 my 
and cytochrome bi is recorded as a downward deflection at 560 mp. The 
time at which the reduction begins is denoted by arrows and is taken as the 
point of intersection of the steady state level and the maximal slope of the 
reduction kinetics; cytochrome a, is 0.7 second ahead of cytochrome bi at 
this point. At the half-way points, cytochrome a, still leads cytochrome 
Ii by 0.7 second. A larger time difference is observed at 8°. The same 
result is obtained when the disappearance of the absorption band of oxi- 
dized cytochrome a: is measured at 655 ma. Endogenous or glucose respi- 
ration does not alter the result. This interesting difference in the results of 
visual and photoelectric studies of the reaction kinetics of eytochromes 
indicates the need for some more accurate specification of the criterion of 
smultaneity that is used visually; the traces of Fig. 5 show that an error in 
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visual judgment of the 50 per cent reduction point could easily lead to the 
result Tissières found.* We differ with Tissières on the interpretation of 
such a result; in a sequence of enzymes, the oxidase itself should be reduced 
first under these conditions since it is the only component directly respons. 
ive to oxygen tension. Thus the prior reduction of cytochrome a; shows 
that it is nearer to the oxidase component than cytochrome bi, or is the 
oxidase component itself. 

Of the many data that must be taken into account to assess critically the 
relative importance of cytochromes a, and a; in the respiration of bacterig 
such as E. coli, A. aerogenes, and A. chroococcum, the lack of light sensitivity 
of the CO inhibition of their respiration (17, 19) stands out as an obstacle 
to formulating any definite réle for cytochromes of type a, or ag. 


SUMMARY 


New spectrophotometric methods clearly reveal the Soret bands of the 
CO compounds of the cytochromes of muscle, yeast, and some bacteria. 
Muscle and yeast show Soret bands of their CO compounds that have 
absorption maxima at the same wave-length and of the same size when 
compared to the reduced cytochrome. The wave-length of the absorption 
maximum (430 my) agrees very closely with Warburg’s photochemical ab- 
sorption spectrum for yeast cells (20, 21). The value (423 my) found by 
Ball et al. for desoxycholate-treated preparations (12) is not obtained under 
our experimental conditions which are believed to approach more closely 
the true state of cytochromes in nature. Thus the properties of Keilin and 
Hartree’s cytochrome a; (3) are found to show further similarities to War- 
burg’s respiratory enzyme of yeast. 

In Bacillus subtilis, the Soret band of the CO compound lies at the 
same position as that of yeast and muscle, and the cytochrome is of type 
as, in agreement with Keilin and Hartree (22). But, as Paper III shows, 
there is distinctly more cytochrome a; relative to cytochrome a in B. 
subtilis than in muscle and yeast. 

In Acetobacter pasteurianum, the peak of the Soret band of the CO com- 
pound is displaced from that of cytochrome a;-CO and this difference in 
the Soret bands is confirmed in Paper II and is found to be compatible 
with Kubowitz and Haas’ action spectrum (21). Thus we conclude that 


A personal communication from Tissiéres serves to explain the discrepancy be- 
tween the visual and spectrophotometric results: Tissiéres states that he has ob- 
served time differences between the first detectable appearance of the cytochrome 
bands. Since the bands in the green are stronger than those in the red and the eye 
is more sensitive in the green, a visual observation of the relative reduction of eyto- 
chromes a: and bi would not be nearly as objective as the spectrophotometric data al 
Fig. 5. 
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the respiratory enzyme of A. pasteurianum differs from that of yeast and 
muscle.’ 

In Staphylococcus albus, the Soret band of a new CO-binding pigment has 
been discovered at 416 my, a wave-length that leads us to suggest that this 
pigment may be a cytochrome of protohemin nature instead of green hemin 
as are cytochromes of type a. Even though S. albus has an absorption 
band of cytochrome a at 603 my, no evidence of a cytochrome a;-CO com- 
pound is found in the region of the Soret band. This result again suggests 
that cytochromes a and a; are not always present in the same proportions 
and that cytochrome a may be present without a3. The observation of the 
visible absorption band of cytochrome a should not be regarded as proof of 
the presence of cytochrome a. 

The various other bacteria that we have investigated show Soret bands 
that can best be attributed to mixtures of two or more types of cytochromes 
that bind CO; for example, Proteus vulgaris appears to contain both cyto- 
chrome a, of A. pasteurianum and the new CO-binding pigment of S. albus. 
Aerobacter aerogenes, Escherichia coli, and Azotobacter chroococcum contain a 
more complicated mixture in which the components are not readily re- 
solved, but are believed to be a combination of cytochrome a}, d, and the 
CO-binding pigment. 
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THE CARBON MONOXIDE COMPOUNDS OF THE 
CYTOCHROME OXIDASES 


II. PHOTODISSOCIATION SPECTRA* 


By BRITTON CHANCE 
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Keilin and Hartree (1) identified the autoxidizable pigment of heart 
muscle preparation, cytochrome as, by means of its reaction with cyanide, 
azide, hydrosulfide, and carbon monoxide and showed that the absorption 
bands of the CO compound have the same position as those required by 
Warburg and Negelein’s photochemical action spectrum of the respiratory 
enzyme of bakers’ yeast (2), thereby showing that cytochrome a; is iden- 
tical to Warburg’s respiratory enzyme (1). Whereas Warburg’s method for 
obtaining the absorption spectrum of the respiratory enzyme hinged upon 
the fact that its CO compound was dissociated by light, it was indeed 
surprising that Keilin and Hartree were unable to demonstrate photo- 
chemical dissociation of their cytochrome a;-CO compound (1). 

This paper describes the photodissociation of the cytochrome a;-CO com- 
pound in heart muscle preparations, bakers’ yeast cells, and Bacillus sub- 
tilis and of the eytochrome a;-CO compound in Acetobacter pasteurianum. 
These photodissociation studies also give a new and accurate method for 
obtaining the spectra representing the difference between those of the CO 
compounds and the reduced cytochrome and the results agree very closely 
with the photochemical action spectra obtained by Warburg and his co- 
workers. In view of these data, the identity of cytochrome a; and the 
respiratory enzyme is established with considerable finality on a spectro- 
xopic basis. In addition, the respiratory enzyme, cytochrome ai, is clearly 
distinguished from the respiratory enzyme, cytochrome 43. 


Method 


The double beam spectrophotometer described previously (3) is modified 
that the 1 em. square cuvette may be illuminated from the side with red 
light from a carbon are lamp and Corning No. 245 and klo“ heat-ab- 
sorbing filters. Corning No. 5543 and No. 430 filters are interposed be- 


This research was supported in part by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service, and from the Office of Naval Research. 
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tween the cuvette and the measuring photocell to absorb the red light and 
to pass the blue light from the monochromators with which spectrophoto. 
metric measurements are made in the region 410 to 480 my. The photo. 
dissociation was then measured as an optical density change in the Soret 
region caused by illumination of the CO compound by red light. By 
varying the wave-length of the monochromator light, different optical den- 
sity changes are recorded on illumination with red light and thereby 
spectrum representing the difference between the carbon monoxide com- 
pound and the reduced form of the cytochrome oxidase is obtained. 

In order to render the measurement insensitive to any red light leaking 
through the blue filters, the spectrophotometric measurements are made 
differentially with reference to an arbitrary wave-length, 480 my. Thus 
the electronic circuit responds only to a light that is modulated at 60 c. pa. 


and, since the carbon arc is operated on direct current, the interference 
3.2 CO 
on ott — 
Reduced 
— — 


445-40 


Fic. 1. Illustration of the experimental method for obtaining photodissociation 
spectra as described in the text. Heart muscle Preparation 6l1n + 13 ma succinate; 
24° (Experiment 942c). 


caused is negligible, even when the photocell is operated at the highest 
sensitivity (see Fig. 1). 

There is an optimal concentration of carbon monoxide at which maximal 
photodissociation occurs, and this corresponds to roughly half saturation. 
Thus we carried out titrations of the cytochrome oxidases with microliter 
additions of a solution of CO to the reduced cell suspension (see Fig. 1). 

In order to increase the extent of photodissociation for a given light 
intensity, the experiments were carried out at 4-6°. Under these condi- 
tions up to 50 per cent dissociation of cytochrome a;-CO occurred with the 
arc lamp on. The blue light from the monochromators themselves ap- 
parently caused negligible photodissociation. 

This method is the most accurate we have yet used for obtaining differ- 
ence spectra of the CO compounds. Instrumentally, the reaction is initi- 
ated repetitively without any chemical change in the cell suspension and 
the only possible errors are settling of the cells, loss of CO through the 
air-liquid interface, and change of intensity of the are lamp. Controlled 
experiments show that none of these errors requires special precautions. 
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Chemically, the experimental technique is advantageous because only pho- 
tochemically dissociable substances are revealed, and copper-CO com- 
pounds would presumably not interfere. 

We have not been able to illuminate the cells with blue light and observe 
photodi-sociation in the visible region because of the very high sensitivity 
of the S-4 surface of the photocell to any leakage of blue light through the 
filters. 


EXPERIMENTAL 


The use of the method is illustrated by Fig. 1. The reduction of cyto- 
chrome a; is observed at 445 my as described previously (4). The circuit 
is then reconnected to operate differentially between 430 and 445 ma (3), 
and the reduced cytochromes are illuminated to determine whether the red 
light from the are lamp affects the photocell. The steady trace at the 
points marked “on” and “off” shows satisfactory operation in this respect. 
Sul. of CO solution are then added and formation of the cytochrome a;-CO 
compound is indicated by the downward deflection of the trace (correspond- 
ing to an increase of optical density at 430 ma with respect to 445 ma). 
The cells are illuminated again and this time appreciable photodissociation 
securs as indicated by the upward deflection of the trace when the light is 
“on” and the downward deflection when the light is off. Further addi- 
tion of CO more nearly saturates the cytochrome and alters slightly the 
extent of photodissociation. A decrease of temperature would greatly in- 
crease the photodissociation. 

By repeating the illumination for a variety of wave-lengths we obtain the 
difference spectra of Fig. 2, Curves A and B, with respect to 480 my for 
heart muscle preparation and for bakers’ yeast. The spectra coincide very 
closely except for the 1 mau displacement of the heart muscle peak, possibly 
due to a trace of hemoglobin remaining in the preparation for which the 
criteria of purity and activity are respectively K. = 7 and K. = 50 (5). 
The agreement of these photodissociation spectra with the absorption spec- 
tra is quite satisfactory as shown by Table I and by Paper I (6). Thus 
cytochromes a; of yeast and muscle are proved to form practically identical 
photodissociable CO compounds. 

Fig 3 shows the photodissociation spectra of three distinct types of cy- 
tochrome-CO compounds of bacteria. In Fig. 3, Curve A for B. subtilis 
is very similar to that of Fig. 2 for yeast and heart muscle and identifies 
this as a cytochrome of type a3. A comparison of Curves A and B of Fig. 
J elearly shows that cytochromes a- CO and a- CO cannot be considered to 
be identical; their photodissociation spectra differ beyond the possibility of 
experimental error. And the CO-binding pigment of Staphylococcus albus 
gives a third type of photodissociable compound. In Micrococcus lyso- 
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deikticus we were unable to obtain a complete photodissociation spectrum, 
but were able to determine that the pigment is of type a; or a3. Norm. 


sults have yet been obtained with the CO compounds found in Aerobacter 
aerogenes or in related types that contain cytochrome az. 

Since the three photodissociation spectra of Fig. 3 agree very closely with 
the corresponding absorption spectra of the CO compounds (see Table I, 
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Fic. 2. The difference spectra obtained by illuminating with red light the CO 
compounds of the cytochromes of heart muscle preparation (Curve A) and bakers’ 
yeast (Curve B). The reference wave-length is 480 ma. Curve A, the value of 
AD. on reduction was 0.17; 1.6 wm CO; 4°, K. = 7, Ky = 37 (Experiment 
957a). Curve B, AD., = 0.045; 4.8 um CO; 4° (Experiment 948b). 


the absorption spectra are proved to be those of photodissociable CO com- 
pounds of three distinctive types, cytochromes a; and a, and the new CO. 
binding pigment. 

A comment on our ability to obtain the photodissociation spectrum of 
the CO compound of S. albus is merited. Judging by the slow photodi⸗ 
sociation in red light, this CO-binding pigment has no band in the red 
comparable to that of cytochromes a, or a. Thus only a small percentage 
of photodissociation occurred under optimal experimental conditions; the 
maximal optical density change in the turbid cell suspension was about 
0.005. 
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DISCUSSION 


The essential result of this paper is the direct spectroscopic observation 
of photodissociable carbon monoxide compounds in muscle, yeast, and bac- 


420 450 480 
my) 


Fic. 3. Photodissociation spectra for B. subtilis (Curve A), A. pasteurianum 
Curve B), and S. albus (Curve C). The reference wave-length is 480 ma. Curve 
A, 10 mu glucose are present; on reduction AD., = 0.009 (Experiment 8). Curve B. 
endogenous respiration; on reduction 40% = 0.045 (Experiment 9487 Curve C. 
mu glucose are present: AD.. = 0.1; 4-6° (Experiment 957-2). 


Taste I 
Comparison of Absurption, Photodissociation, and Action Spectra of CO Compounds 
of Cell Pigments 
The wave-lengths are in millimicrons. 
| Photodissocia- 
Absorption spectra. spectra 
tion spectra * Desi 
Heart muscle 429.5 445 420 445 Cytochrome a;-CO 
Bakers’ yeast 130 «445 430 445 431 
B. subtilis........ 14130 | 445 430 445 * 
A. pasteurianum 127 2 126 $428 a,-CO 
S. albus 416 4131 415 | 433 “New CO-binding pig- 
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Proteus rulgaris 418 130 Mixture of CO, binding 
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‘teria and it is the purpose of this discussion to identify such compounds 
unequivocally. In Table I, the photodissociation spectra of these com- 
pounds are compared with the difference spectra of the eytochrome- CO 
compounds on the basis of the wave-lengths at which the peaks and troughs 
of the Soret bands are located and adequately identify the photodissociable 
pigments as CO compounds of the appropriate cytochromes. No fortui- 
tous agreement is likely because these are difference spectra that depend 
not only on the similarity of the spectra of the CO compounds, but also 
on the similarity of the spectra of the reduced forms. 


fe“ CO fen? 


380 420 460 30 420 460 500 
A(myp) 
A B 


Fia. 4. Spectra of the oxidized form (Fe***), hydrosulfite-reduced form (Fe**), 
and the CO compound of lactoperoxidase plotted on an absolute basis (A) or asa 
difference spectrum (B). (The lactoperoxidase was kindly donated by Dr. B. D. 
Polis, Eastern Regional Research Laboratory.) (Experiment 368B.) 


It is now necessary to show whether these difference spectra correspond 
to the same peak as that found by Warburg in his photochemical action 
spectrum of the CO compound itself. In this case only an indirect proof 
is possible because cytochrome a; has not yet been separated from cyto- 
chrome a. Thus we have no spectrum of reduced cytochrome a; by which 
we could compute the spectrum of cytochrome a;-CO alone. But we have 
soluble hemoproteins that appear to have spectra analogous to that d 
cytochrome as, and the closest analogue that has been highly purified is the 
green hemin peroxidase from milk, lactoperoxidase (LPO). Fig. 4, A shows 
the relationship of the Soret bands of its oxidized, reduced, and CO forms 
and Fig. 4, B shows the corresponding difference spectra derived there- 
from. We note that the peak of the CO band is so sharp that it is shifted 
only about 1.5 mu in the difference spectrum (the broader peak of the 
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reduced band is indeed shifted 4 my in the difference spectrum). Since the 
peak of the action spectrum of the respiratory enzyme in yeast cells is even 
sharper than that of LPO (the data of Kubowitz and Haas are replotted 
in Fig. 5 (7)), the peak of the action spectrum (431 mu) must be no more 
than 1.5 mu different than that of the difference spectrum, as indeed is the 
case With our data on muscle and yeast. Thus the spectroscopic identifi- 
cation of cytochrome a; of muscle and yeast with the respiratory enzyme 
of yeast is as accurate as the data themselves. 
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Fic. 5. A replotting of Kubowitz and Haas’ photochemical action spectra for 
bakers’ yeast (X, 10°; O, 0.2°) and A. pasteurianum (A, 10°) (7). 


It is necessary to consider Melnick’s photochemical action spectrum of 
the CO compound of the respiratory enzyme as measured with a rat heart 
succinic oxidase system (8). He found the peak of the Soret band to lie 
at 450 ma. In experiments carried out with a similar succinate-reduced 
rat heart preparation we find no peak at 450 my in either the absorption 
or photo-dissociation difference spectra; the results confirm our findings for 
pig heart preparation and yeast cells. We can only conclude that Mel- 
nick’s results for rat heart in the region of the Soret band are incorrect, 
probably due to the great difficulty of obtaining an adequate number of 
monochromatic wave-lengths in this region. On the other hand, we do 
not wish our comments to detract from Melnick’s data in the visible re- 
gion, the major object of his study. 

The explanation for the peak of the CO band at 450 mu proposed by 
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Melnick fails to explain the appearance of the band at 430 my shown 
clearly in our recording of the reduced and the CO difference spectra of 
Fig. 6. On reaction with CO, the strong band of cytochrome az shifts 
from 445 to 430 mu. 

We have already discussed the finding of Ball et al. (9) that the Soret 
peak of cytochrome a;-CO is located at 423 my. We do not consider that 
their result weakens our arguments in favor of a spectroscopic identification 
of cytochrome a; and the respiratory enzyme inasmuch as our experimental 
material contains no added desoxycholate and has been carefully tested to 
insure its freedom from hemoglobin. 
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Fid. 6. The relationship of the bands of the reduced cytochromes of heart muscle 
preparation to those of the reduced plus CO-bound cytochromes. Heart muscle 
Preparation 63n; K. = 7, K. = 37 (Experiment 958-3). 


In their paper in 1939 on cytochrome as, Keilin and Hartree have listed 
several points on the nature of cytochrome a; that required further inves- 
tigation (B, C, and D of Keilin and Hartree (1), p. 183). One point s 
wholly satisfied by these results: the photodissociation of cytochrome ar 
CO has been demonstrated. Their inability to observe this phenomenon 
was due to the much too high concentration of CO used by them. 

Although it seems clear that cytochrome a; is the terminal enzyme d 
heart muscle-succinic oxidase systems, its reaction with soluble cytochrome 
e requires further study; Keilin and Hartree were not even able to demon- 
strate the formation of any cytochrome a;-CO when anaerobic heart muscle 
preparation was treated with reduced cytochrome c in the presence of 00 
(1). Although it is clear that a trace of added succinate or ascorbate 
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causes the rapid reduction of cytochrome a; via cytochromes a and c, it is 
difficult to explain why soluble ferrocytochrome c fails to give any observ- 
able reduction. It is here suggested that the difficulty may lie in differ- 
ences in the properties of exogenous and endogenous cytochrome c, similar 
to those already pointed out by Tsou’s experiments (10). Wainio et al. 
(11) recently stated that they had succeeded in demonstrating this reaction, 
but their results show some inconsistencies that need to be explained in 
detail: their data clearly show that the 100 um ferrocytochrome c that were 
added became about 80 per cent oxidized during an experiment which was 
presumably carried out in the complete absence of oxygen. And the ab- 
sorption band that was obtained under these conditions was rendered 
equivocal by the presence of a similar band of considerable magnitude in 
the spectrum of oxidized cytochrome oxidase. 

Keilin and Hartree point to the fact that many bacteria contain a very 
active cytochrome oxidase even though they lack cytochrome a, which 
appears to be necessary for the action of cytochrome a. Our current 
studies show gradations in the amount of cytochrome a relative to that of 
cytochrome aa. B. subtilis contains a larger ratio of cytochrome a, to a 
than yeast and muscle (see Paper III). While S. albus contains a dis- 
tinctive band of cytochrome a in the visible region, cytochrome a; appears 
to be replaced by a new type of CO-binding pigment. Thus there exists 
variety in the nature of cytochrome a; from different sources and in the 
relative amounts of cytochromes a and a;. In A. pasteurianum the cyto- 
chrome oxidase is of type ar, and a rather different type of cytochrome 
oxidase is active in those bacteria, such as A. chroococcum, in which light- 
insensitive CO inhibition of respiration is obtained (12). 

Some other suppositions as to the nature of cytochrome a; now appear 
quite unlikely; our photodissociation study no longer makes it necessary 
to suggest that cytochrome a, is a copper enzyme, the CO compound of 
which does not show photodissociation. Our recent observations of cat- 
alase and cytochrome in M. lysodetkticus show that these two enzyme 
systems act independently in vivo, catalase being in the form of its hydro- 
gen peroxide complex (13). 

In summary, the identity of cytochrome a; and cytochrome oxidase that 
was strongly supported by Keilin and Hartree’s spectroscopic and chemical 
studies receives final confirmation on the basis ot the identity of the absorp- 
tion, photodissociation, and photochemical action spectra of the carbon 
monoxide compound. Nevertheless, important questions on the mech- 
anism of interaction of cytochrome a; with the other non-autoxidizable 
cytochromes remain. 

The identification of cytochrome a, and the respiratory enzyme of A. 
pasteurianum is based upon a comparison of our photodissociation spectrum 
of Fig. 3, Curve A, with the photochemical action spectrum of Kubowitz 


* 
„ 


406 CYTOCHROME OXIDASES. II 


and Haas (7) (see Fig. 5, Curve B). The latter spectrum shows clearly a 
different Soret peak from that of yeast: the peak is broader and lies at 3 
shorter wave-length. Both these properties agree with our photodissocia- 
tion spectrum of Fig. 3, Curve B, and serve to identify this respiratory 
pigment with cytochrome ar, as distinguished from cytochrome a;. A 
detailed correlation of the two spectra is not possible because the exact 
location of the peak in the photochemical action spectrum is not certain, 
Also, exhaustive chemical studies of cytochrome ai similar to those of 
cytochrome a; by Keilin and Hartree are yet to be made. 


SUMMARY 


The photochemical dissociation ot the carbon monoxide compounds of 
cytochrome in heart muscle, bakers’ yeast, Bacillus subtilis, Acetobacter 
pasteurianum, Staphylococcus albus, and Micrococcus lysodeikticus has been 
demonstrated. The spectra of the photodissociable compounds of muscle 
and yeast are nearly identical to each other and to the absorption spectrum 
of the carbon monoxide compound of cytochrome as, and, in addition, agree 
very closely with Warburg’s action spectrum for the respiratory enzyme of 
yeast. Thus cytochrome a; and the respiratory enzyme of yeast are un- 
equivocally identified on a spectroscopic basis. There now remains no 
substantial objection to Keilin and Hartree’s earlier identification of cyto 
chrome a; as the respiratory enzyme of heart muscle. 

The photodissociation spectrum obtained in A. pasleurianum agrees 
closely with the absorption spectrum of the CO compound of cytochrome 
ar and with the action spectrum of the respiratory enzyme of these bacteria 
measured by Kubowitz and Haas. On this basis cytochrome a; is con- 
cluded to be the respiratory enzyme of A. pasteurianum. In addition, our 
photodissociation spectra make it clear that cytochrome ai is a different 
respiratory enzyme from cytochrome a. 
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THE CARBON MONOXIDE COMPOUNDS OF THE 
CYTOCHROME OXIDASES 


III. MOLECULAR EXTINCTION COEFFICIENTS* 


By BRITTON CHANCE 
(From the Johnson Research Foundation, University of Pennsylvania, Philadelphia, 
Pennsylvania) 


(Received for publication, May 29, 1952) 


The direct measurement of the kinetics of photodissociation of the carbon 
monoxide compounds of cytochrome oxidases described in the preceding 
paper (1) can be used to calculate their molecular extinction coefficients. 
A related method was used by Bücher and Negelein in 1942 to measure 
the quantum yield for the photochemical decomposition of the carbon 
monoxide compounds of pure hemoglobin and myoglobin (2) and was 
termed the optical“ method (3). It is clear that this optical method is 
much simpler than the manometric procedure first used by Warburg and 
Negelein in 1929 (4) and is therefore likely to give more accurate results. 
We present here new values for the molecular extinction coefficients at 589 
mg for the CO compounds of the cytochrome oxidases of muscle, bakers’ 
yeast, Bacillus subtilis, and Acetobacter pasteurianum. 

Method In order to measure the molecular extinction coefficient at a 
particular wave-length, we have replaced the carbon arc used in the pre- 
vious paper (1) by the sodium are which gives a large, essentially mono- 
chromatic, intensity at 589 mu, which is fortunately at the peak of the 
a-band of the carbon monoxide compound of cytochrome a;. Thus the 
apparatus used in these experiments is identical to that described in the 
previous paper except that the sodium are replaced the carbon arc, and a 
Corning No. 350 or a Wratten No. 24 filter is used. 

Theory—It is highly desirable to summarize briefly the mathematical 
basis for this method, in spite of the fact that the computations are closely 
related to those of Bücher and Negelein (2). However, ours is a simpler 
system; we have to consider only the reaction of cytochrome a, with CO. 


as" + 
e-q 1 q 


The concentrations of the reactants at any time are defined by this equa- 
tion. 


* This research was supported in part by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service, and from the Office of Naval Research. 
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The differential equation 
2 kale — q) — ke (2) 
can readily be solved for ks. 
0.693 , 
4. = — (3) 


where tax is the time required for 50 per cent recombination in the dark. 
In the light, 


„960 a,” 
4. ( Ie ag” + CO 0 
9 e-q i 
6 
tytigns 


But ke” is the sum of kg and ke’, the true increment of dissociation 
velocity caused by light. Thus 
1 1 
(6) 


dark 


ki = K. — 4 

The values of ksi cancel out if the amount of CO freed from the enzyme 

by photodissociation is small compared to the amount of CO in solution. 
The photochemical decomposition equation is 

= (7) 


where & is the quantum yield, J the light intensity in the cuvette, and « 
the molecular extinction coefficient (3). 

Instead of measuring J by a bolometer as Warburg did, we measure I by 
its photochemical effect upon myoglobin (Mgb) carbon monoxide for whieh 


esse = 5.4 em. X mu (5, 6) and @ = 1 (2). Thus ens for cytochrome 
oxidase is computed directly. 

(* ) 
We assume G., co to be unity. 


This is a method of great simplicity; it involves only the measurement 
of the difference of the reciprocals of the half times of the reactions with 
the cytochrome oxidase and the myoglobin. CO concentrations, pigment 
concentrations, temperature, and the absolute value of the light intensity 
do not cause first order errors. The only serious error could arise from the 
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fact that a: CO is in cells or in a turbid suspension and that MgbCO is in 
solution. In order to compensate for this difference (ke’)s:,.co is meas- 
ured in the presence of a suspension of Escherichia coli of turbidity equal 
to that used in the other experiments, as evidenced by the values of slit 
width used in the MgbCO experiments (see Table I). E. coli causes no 
other interference because of the very small optical density change caused 
by the formation of its oxidase-CO compound. The only question then 
remaining is whether the light enters the cell membrane without difficulty. 
We believe our studies of the cytochrome spectra of Micrococcus lysodeik- 
ticus before and after lysis show that no appreciable error is involved at 
this point (unpublished data). Thus our myoglobin experiment probably 
amulates fairly closely the optical conditions for the cytochromes and is 
surely far superior to the earlier measurements of light intensity by means 
of a bolometer. 
In Experiment 10 shown in Table I, bakers’ yeast is used as a refer- 
ence for the determination of ens for B. subtilis. 
A study of the spectrum of the sodium arc lamp that we use shows that 
the small bands at 568 and 605 m contribute less than 3 per cent to the 
light incident upon the cell suspension, and the former line is largely elim- 
inated by filter No. 24. 
ks’ may also be calculated from the dissociation constants in the dark 
and in the light. 

kl kf Kiigns — Kurt) (9) 


While this procedure would appear to be fairly simple at high light 
intensities (Kia >> Kaerx), as Often was the case, we never got as con- 
cordant results on this basis as with the kinetic method of Equation 6. 
We attribute this largely to the fact that more data are needed for this 
computation than in Equation 6 (the saturation value of 9 (% = e) and the 
value of ks). 

ky is measured from Equation 3 by plotting 0.693/tyas-x us a function 
di (or its initial value); the slope of the line is ks and the intercept 
ky. 

Results 


Kinetic Method—An example of the measurement of Ke“ according to 
Equation 6 is given by the experimental record of Fig. 1, A; the half times 
ue measured directly from the tracing. In order to prove that the ob- 
erved kinetics are of the first order, as they should be, we have plotted 
the data of Fig. 1, A logarithmically in Fig. 1, B and the straight lines 
justify the analysis above. In this case ke’ = 0.088 sec. and the various 
values of ke’ determined by this method are summarized in Table J. 
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tum Method—An example of the use of Equation 9 is given in 
Fig. 2, A and B. The former shows “dark” and “light” values of q for 
various values of i. The latter shows the measurement of ks and kg ac- 
cording to Equation 3; ky = 0.9 X 10 N X sec. at 5° and ke is prac- 
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A 8 

Fic. 1. A, the kinetics of photodissociation and dark recombination for the CO 
compound of cytochrome a;. Sodium are plus Corning No. 350 filter; 4°; 10 ua CO; 
pH = 7.2, 0.01 M PO,"; heart muscle Preparation 61n; AD. on reduction = 0.08 
(Experiment 945d). B, logarithmic plot of the traces of A. 9. is the value of op- 
tical density when the light is turned on for the light“ curve and when the light 
is turned off for the dark“ curve. / is the final value of optical density for both 
the light“ and the dark“ curves (Experiment 945). 
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Fic. 2. A, the effect of illumination upon the equilibrium of cytochrome a; and 
CO; conditions similar to those of Fig. 1. B, analysis of the kinetics of dark re- 


combination according to Equations 3 and 5 (Experiment 945d). 
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tically zero. This explains the rather straight “dark” titration curve; the 
concentration of cytochrome a: may not be negligible in this experiment. 
Thus the dark dissociation constant is probably negligible compared to the 
light value of 10, M and kg’ ~~ ksKugn = 0.9 X 10‘ X 10-* = 0.09 sec.. 
Not such good agreement of the equilibrium and kinetic values was ob. 
tained in all cases (see Table I). 

Titration of Strong Heart Muscle Preparations—The discovery that kg is 
very small for heart muscle suggests that we can directly titrate the cyto. 
chrome oxidase. The validity of this procedure would depend upon pro- 
portionality between concentration of the heart muscle preparation and the 
CO concentration for 50 per cent saturation. We have not obtained such 
a validation; a 3.2-fold increase of the heart muscle concentration does not 


Taste II 
Summary of Molecular Extinction Coefficients Found by Warburg and His Collaborator 
| | 
1 Las, | 
Material cm? X min. Z. 14. we 
i 430 | 436 430 
436 | $89 S89 
10 1.085 8.35 8.87.6 X 10% 0.47 3.6 10. 156 | 164 | 18.7 
0.21.46. 30 9.6034 X 10% 0. 1478.1 10% 221 340 35 
A. pasteurianum|10 1.08(6.30/6.7 1 X 108] 0.90 1.9 x 10 82 80 | 13 


* Dr. E. Haas (personal communication). 


increase the CO concentration for half saturation by more than 10 per cent, 
even when the incident light from the spectrophotometer was maintained 
constant to avoid any photodissociation. This apparent inconsistency o 
the kinetic and equilibrium data requires a further study. 


DISCUSSION 


Table I summarizes the results of our experiments, each kinetic value 
for ke’ being the average of at least five determinations. The equilibrium 
data are included only for casual interest and are not used in the calculation 
of esse since they are less accurate for the reasons stated above. 

We are now in a position to compare these results with those obtained 
by Warburg and his coworkers, and their results are summarized in Table 
II. Since Dr. Erwin Haas kindly submitted some unpublished data on k 
for yeast at 0.2° and for A. pasteurianum, we are able to compute e values 
that have not previously been available. 
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Our recent data on ens of Table I may now be compared with the older 
data. There is excellent agreement on A. pasteurianum. With yeast, the 
data at 0.2° are rather discordant with the data at 10° and with ours. And 
our data are somewhat lower than that at 10°. We feel that considerable 
weight should be attached to these new data because of the simplicity of 
the method. However, we will readily admit that ours may not be “final” 
values of this important physical constant. 

In order to calculate the value of e at other wave-lengths than 589 mz 
on the basis of our new data, we must rely upon the relative absorption 
spectra of yeast and A. pasteurianum obtained by Warburg and his col- 
laborators.' Of the two spectra for veast, the one at 0.2° is probably more 
accurate because many more wave-lengths were measured. We therefore 
use the €:30/¢ss9 mu Value of 9.6 for the conversion factor by which e, is 
obtained for our data in Table III. We enclose the value thus obtained 
for heart muscle in parentheses because we have no direct proof for the 
implication that the relative absorption spectra of the muscle and yeast 
enzyme are identical. However, the difference spectra of Paper II clearly 
show that no great disparity can exist. 

In Table III we compare the molecular extinction coefficients of the a- 
and y-bands of the carbon monoxide compounds of various soluble hemo- 
proteins with the photochemical data on the cytochrome oxidase-carbon 
monoxide compounds. This is a rather illuminating array of data; the 
consistency in the values of e clearly classifies cytochromes a; and di as 
typical members of the hemoprotein family, in spite of the apparent in- 
solubility of the oxidases. 

The comparison of the Soret bands also shows a considerable consis- 
tency; the fact that the value for cytochrome di is a bit low is consonant 
with its flat-topped Soret band. 

This display of data confirms Warburg’s conclusion on the unlikeliness 
of a quantum efficiency of one-fourth for the cytochrome oxidases due to 
4 four heme protein. 

Although Ball et al. (11) have directly compared the e values for the CO 
compounds with the Ae values corresponding to the difference between the 
CO compound and the reduced cytochrome, a process that requires consid- 
erable justification, we have attempted to derive conversion factors from 
to Aer, On the basis of an assumed analogy between lactoper- 
oxidase (LPO) and cytochrome oxidase. LPO is a dichroic heme enzyme 


Since a photochemical action spectrum for H. subtilis is not available, we have 
sot computed e. We point out, however, that the rat io of 40% A0, for cytochrome 
* CO compound of B. subtilis is only about 4.2 compared to about 11 for muscle and 
— suggesting a difference between cytochrome a; of H. subtilis and that of yeast 
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that has q- and 7-bands at 600 and 436 my in the reduced state and at 
578 and 425 my as the CO compound, for which the /a value is 9.6, a fair 
analogue of cytochrome a; and the best that is currently available. A 
suming that LPO is an exact analogue of cytochrome as, the factor that 
converts e for the CO compound to Ae for the peak to trough difference of 
the CO compound with reference to the reduced form is 102/137. Taking 
the value for heart muscle (€.,+co)ss0 = 110 em. X m, the value of 
Aca, . co- a is 82 em. X m- as measured by the peak to trough values 
at 430 and 445 mu. The ratios of the peak to trough values for the 7- and 
a- bands of the carbon monoxide compounds of cytochrome a; and LPO are 
very nearly the same (respectively, 12 and 11 (1)) and the corresponding 
value of Ae, ·· Oe · is 82/12 or about 7 em. X mau at 589 to 605 mu. 


Taste III 
Comparison of Values for Molecular Extinction Coefficients of a- and y-Bands of 
Carbon Monozide Compounds of Hemoproteins 
The units are in em.“ X ma". 


Cytochrome 4s | Cytochrome @ 
Hemo- — Lactoperoxidase 
Heart Yeast B. P — 
muscle sublilis 

„ 1 us 11.4 14.2 114 12 19 12 12 1 
„ 195 193 138 137 (110) | 115 | 164 81 80 
(7, 8)* (5, 6, (9)* Unpublished This This (3, 4. This This | (10)* 

| 8)" data paper paper 10)*, paper paper 


* Bibliographic reference No. 


On the basis of an analogy between the absorption spectra of verdo- 
peroxidase and cytochrome a, we obtain a value of 16 em. X mar for 
the quantity Ae. a corresponding to the peak to trough density changes 
at ADgos_ezo recorded in Table I of Paper I (12). (The value at 605 m 
is 14 em. X mam as given previously (13).) The molar ratio (N) of 
cytochromes a and a; is obtained from these extinction coefficients and 
from the data of Table I of Paper I. 


— 16 
R ö 3 0.30 X 7 0.7 (10) 


For bakers’ yeast the value is 0.48 X 16/7 = 1.1. Thus heart muscle 
and yeast contain cytochrome a; and a in molar ratios of 0.7 and 1.1, ap- 
proximately unity ratio, as suggested previously (11). In the case of B. 
subtilis the methods described in this paper show en, oo to be 12 em. X 
ma at 589 mu, from which Aeg,+co-2,” is calculated to be 7 em. X ma” 
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by using the same procedures given above. In this case the molar ratio 
of cytochromes a, and a is 1.0 X 16/7 = 2.3. 

The hypothetical scheme for cytochrome oxidase action recently pro- 
posed by Ball et al. (11, 14) clearly hinges upon a 0.33:1 molar ratio of 
cytochromes a; toa. Unfortunately these data provide little support for 
their postulate that cytochrome a; comprises one heme and cytochrome a 
three hemes of a four heme protein; according to our calculations, the two 
pigments are present in roughly equal molar ratios in muscle and yeast 
and in a 2:1 ratio in B. subtilis. And the fact that the cytochrome oxidases 
can contain different ratios of cytochromes a and a; rules out as a general 
mechanism for cytochrome oxidase action any theory that depends upon a 
particular molar ratio of the two pigments. Furthermore, a general mech- 
anism should explain the action of other cytochrome oxidases, for example, 
that of cytochrome a, of A. pasteurianum which acts in the apparent ab- 
sence of cytochrome a or an analogue thereof. 

In order to compute the concentration? of cytochrome as in heart muscle 
preparations directly from the optical density change at 445 my on reduc- 
tion, we must refer back to the data of Paper I (12) for the factor that 
converts tO 0.9 gives = 91 em. X ma 
at 445 ma. This value is about one-half that computed previously (13) 
from Warburg’s data and from a less accurate determination of the relative 
amplitudes of the CO band and the reduced band of heart muscle prepara- 
tion and yeast. The corresponding conversion factor for the a-band is 0.3 
(see Paper I, Table I) and thus A, ' = 23 em. X mam. In this 
ease the peak to trough value at 605 and 630 my on reduction of heart 
muscle preparation is measured. The corresponding values for yeast are 
87 and 16 for the y- and a-bands in yeast. 

A similar value may be worked out for cytochrome a, of A. pasteurianum 
and in order to compute concentrations on the basis of 40. . at 427 
mu a value Ae = 120 should be used (12). 

Cytochromes of type a; as found in muscle, bakers’ yeast, and B. subtilis 
show distinctive properties; the reaction kinetics of the muscle and yeast 
enzymes with CO differ distinctly, and the a, CO compound in B. subtilis 
has a smaller extinction coefficient of its Soret band than that of yeast or 
muscle.“ Surely other differences will be discovered. Such variations in 
the nature of the enzyme are not unexpected and have already been clearly 
shown to occur in other hemoproteins. Thus the respiratory enzyme or 
cytochrome oxidase comprises a family of enzymes that may have a com- 
mon enzymatic function, but may differ considerably in their natures and 
in their modes of action. 


The term concentration“ here means only that of a soluble pigment of equiva- 
lent concentration. 
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SUMMARY 


By comparing the kinetics of photodissociation of myoglobm-CO and 
cytochrome oxidase-CO we have obtained new and accurate values for the 
molecular extinction coefficients of the a-band of cytochrome a;-CO of 
muscle and yeast and cytochrome a,-CO of Acetobacter pasteurianum; the 
values are, respectively, II, 12, and 12 cm. X mw at 589 ma. By 
assuming that lactoperoxidase provides an accurate spectroscopic analogy 
for cytochrome oxidases, the molar ratios of cytochromes a, to a in heart 
muscle, yeast, and Bacillus subtilis are to be 0.7, I. I, and 2.3: 1, respectively. 
Cytochrome as, confirmed to be identical to the respiratory enzyme of 
bakers’ yeast by these studies, is found to exhibit variations in its proper. 
ties and in its relationship to cytochrome a in various biological materials. 


The author wishes to acknowledge the helpful criticisms of these papers 
from other workers in this field, especially Professor D. Keilin and Dr. 
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SEMIMICROMETHOD FOR UNSATURATED FATTY ACIDS OF 
BLOOD SERUM* 


By HILDA F. WIESE ann ARILD E. HANSEN 
(From the Department of Pediatrics, University of Texas Medical Branch, Galveston, 


Tezas) 
(Received for publication, August 15, 1952) 


With growing interest in the role of essential fatty acids in human nu- 
trition, it is important to know their distribution in the blood serum of both 
healthy human subjects and malnourished individuals, particularly infants 
and children. Although spectral methods for determination of these un- 
saturated fatty acids in fats and oils by conjugation with alkali have been 
used under a variety of conditions (1-3), the comparatively large amount 
of sample (100 to 200 mg.) required for analysis has made application of 
these methods to blood serum impractical. By applying the same principle 
of conjugating fatty acids with alkali that is used in the macromethods, a 
semimicroprocedure has been devised for determining the amount of 2, 3, 
and 4 double bond fatty acids in 3 ml. of human blood serum. 

In the preparation of the fatty acids for spectral analysis, care is taken to 
prevent oxidation and to remove all the unsaponifiable matter and nitro- 
genous constituents which are extracted from the serum. Although, in 
general, the method described here for purification of the fatty acids is that 
of Wilson and Hansen (4), many modifications have been introduced which 
make detailed description of the present procedure advisable. 


Method 


Reagents- - 

1. Aldehyde-free alcohol, prepared by distillation of ethyl alcohol which 
has stood over KOH for several days. 

2. Peroxide-free ethyl ether. 

3. 50 per cent aqueous KOH. 50 gm. of reagent grade KOH per 100 
mil. of solution. 

4. 5 per cent HCl. 11 ml. of concentrated HCI per 100 ml. of solution. 

5. Petroleum ether, b.p. 20-40°. 30 ml. should not leave a residue 
weighable on a semimicro balance. 


6. 11 per cent KOH-ethylene glycol. The reagent is prepared by heating 
280 gm. of ethylene glycol with 35 gm. of KOH (pellets, 85 per cent) in a 


* This work was supported in part by the United States Department of Agricul- 
ture through a contract sponsored by the Bureau of Human Nutrition and Home 
Economics. 
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liter stainless steel beaker and stirring slowly with a stainless steel stirrer 
until the KOH has dissolved and the temperature has reached 178°. Thor. 
ough stirring is continued until all water from the KOH is driven off and 
the temperature is 180°. For standardization of the alkali, 1 to 2 gm. 
samples are withdrawn for titration with 0.5 x HCl. Stirring is stopped 
and the beaker is covered with a watch-glass while the titrations are being 
made. Cooling and reheating are avoided, since they tend to cause the 
reagent to darken in color. The final concentration of alkali should be 
11.0 + 0.1 per cent. The reagent is immediately chilled in ice water and 
stored under nitrogen in the refrigerator. 

Preparation of Fatty Acids—3 ml. of serum are added slowly to 10 to 
15 ml. of a 3:1 alcohol-ether mixture which has been heated on the water 
bath in a 125 ml. Erlenmeyer flask. The extract is heated to boiling and 

‘then filtered into another 125 ml. Erlenmeyer flask. Two additional hot 
extractions of the protein residue are made. To the total filtrate 0.2 ml. 
of 0.1 per cent alcoholic hydroquinone and 0.1 ml. of 50 per cent KOH are 
added. The extract is evaporated nearly to dryness on the water bath. 
This requires about 45 minutes, during which saponification occurs. 5 ml. 
of distilled water are added to the residue to dissolve the soaps, and the 
fatty acids are precipitated with 5 per cent HCl]. The flask is rotated slowly 
while 8 to 10 ml. of petroleum ether are added, tightly stoppered, and 
allowed to stand overnight to assure complete solution of the fatty acids. 
The clear petroleum ether extract is transferred to a 50 ml. round bottom 
lipless centrifuge tube. By placing the Erlenmeyer flask at a 45° angle, the 
petroleum ether solution can be removed completely from the aqueous layer 
by means of a capillary-tipped pipette fitted with a 2 ml. rubber bulb. 
Three extractions of the aqueous residue are made with successive 3 to 4 
ml. portions of petroleum ether. Since hydroquinone is not extracted from 
an aqueous solution by petroleum ether, it is necessary to add another 02 
ml. of the 0.1 per cent solution to prevent oxidation. The combined ex- 
tracts are evaporated to about 3 ml. at room temperature by placing the 
tube in front of an electric fan.“ The fatty acids are resaponified at room 
temperature with 3 ml. of 0.1 Xx alcoholic KOH (approximate, but freshly up t 
prepared) and 3 ml. of distilled water by emulsifying thoroughly with s 
glass rod by hand or by an electric stirrer. The rod is rinsed first with 
water, then with petroleum ether. After standing 1 hour, the tube is cen- | con) 
trifuged for a few minutes to insure complete separation of the petroleum | chill 
ether layer which contains the unsaponifiable matter. This fraction is | alco 
removed completely by means of a capillary-tipped pipette fitted with a J are: 


1 If only a few determinations are being made, evaporation can be carried out — 
under suction in an inert gas; however, when eight or more determinations are being 1 
made, it is more economical to use the above procedure, since all evaporations cas calei 
be carried out simultaneously without constant attention. Ae 
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10 ml. rubber bulb. Three additional extractions are made with petroleum 
ether. The solution of the soaps is then evaporated nearly to dryness by 
placing the tube in a water bath at 80°. This requires 2 to 2} hours. 
5 ml. of distilled water are added and the fatty acids are precipitated with 
5 per cent HCI. 10 ml. of petroleum ether are added, and the tubes are 
tightly stoppered and allowed to stand overnight. The petroleum ether 
extract is transferred to a weighed flask (30 ml. weighing bottle or 25 ml. 
wide mouth Erlenmeyer flask). It is advisable to centrifuge the tube for a 
few minutes before removing the ether solution. The latter can be removed 
completely by a capillary-tipped pipette fitted with a 2 ml. rubber bulb if 
the tube is held at a 45° angle. Three additional extractions are made. 
Exactly 0.1 ml. of 0.1 per cent alcoholic hydroquinone solution is added 
and the petroleum ether evaporated to dryness at room temperature before 
an electric fan. The flask is dried in a desiccator overnight and weighed 
on a semimicro balance. The weight of the hydroquinone which was 
added to the weighed flask (0.1 mg.) is subtracted from the weight of the 
sample. The fatty acids are transferred in petroleum ether to a 15 ml. 
Pyrex test-tube and the solvent is evaporated in a stream of nitrogen under 
suction. The fatty acids are concentrated in the bottom of the tube by 
washing down with 2 ml. of petroleum ether. This makes it possible to 
remove quickly the last traces of solvent from a number of samples just 
before the KOH-ethylene glycol reagent is added. Traces of hydroquinone 
which may be carried over mechanically from the weighed flask to the 15 
ml. test-tube do not interfere with subsequent treatment of the fatty acids. 

Conjugation of Fatty Acids—Sufficient 11 per cent KOH-ethylene glycol 
reagent for all determinations to be made at any one time is heated in a 
constant temperature oil bath at 180° for 10 to 12 minutes while the last 
traces of solvent are being removed from the fatty acids. To the fatty 
acid residue in each tube, 2 ml. of the hot reagent are added from a 5 ml. 
Mohr pipette, the tube opening is covered with a marble to prevent loss 
of solvent, and the tube is shaken 10 seconds. Two tubes can be shaken 
simultaneously, then immediately immersed in the oil bath. In setting 
up the determinations, an interval of 45 to 60 seconds between the sets of 
duplicate tubes is sufficient. A blank tube containing only 2 ml. of re- 
agent is included in each series of eight specimens. The fatty acids are 
conjugated by heating at 180° for 25 minutes and the tubes immediately 
chilled in ice water. The soap solutions are diluted with absolute methyl 
alcohol and transferred to 25 ml. volumetric flasks. Spectral densities 
are read on a Beckman DU spectrophotometer at 3750, 3475, 3000, 2700, 
and 2350 A. A 1:10 dilution of the soaps in methyl alcohol is made for 
density readings at the shorter wave-lengths. Absorption coefficients are 
calculated as EI values. 

Accuracy of Method—<Accuracy of the procedure for measuring the 
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amount of linoleic, linolenic, and arachidonic acids was determined on 
known mixtures of these fatty acids with palmitic and stearic acids. Inas. 
much as the unsaturated fatty acid content of human serum may be 
expected to vary considerably, depending on the dietary intake of fat, 
the linoleic, linolenic, and arachidonic acid content of the mixtures was 
varied from 3 to 32 per cent. Also, since the amount of total fatty acid 
obtainable from 3 ml. of normal serum varies from about 7 to 15 mg., 
aliquots of the known mixtures were taken in this same range. Linoleic 
and linolenic acids were obtained from the Hormel Institute. Linoleic 
acid and methyl arachidonate were furnished to us by Dr. J. B. Brown, 
The Ohio State University. 

Standards for the unsaturated fatty acids are given in Table I. It 
will be noted that by this method of conjugation neither linoleic nor lino- 
lenie acid showed any absorption above the maximal wave-length at 


Tasie 1 
Standards* for Linoleic, Linolenic, and Arachidonic Acids 


Unsaturated No. | 
fatty acid determinations „ | x 
Linoleie 122 7 % 00 00 00 0.0 
Linolenic......... 10 | 524 & 10 518+ 32 0.0 0.0 0.0 
Arachidonie 12 484+ 2 405 + 22 350 + 16 +4) 0.0 


„The results represent means & the standard deviation. 


2350 A and 2700 A, respectively. Arachidonic acid showed a slight amount 
of absorption at 3475 A but none at 3750 A. The absorption at 3475 A 
is believed to be due to a small amount of impurity in the methyl ara- 
chidonate, as indicated by the iodine number, rather than to an effect 
of the conjugation process. The EI, values given in Table I were used 
in the calculation of the per cent of 2, 3, and 4 double bond fatty acids in 
the known mixtures. 

Results of recovery from known mixtures are given in Table II. It will 
be noted that with few exceptions the recovery of each unsaturated fatty 
acid over the range of concentrations studied is within 5 per cent of the 
theoretical amount present. With the exception of a small amount of 
absorption observed for pentaenoic acids whenever arachidonic acid was 
present in the mixture, only those unsaturated fatty acids which were 
added in the mixture were recovered after conjugation. No absorption 
at 3750 A was observed in any of the mixtures. 

Application of Method to Blood Serum of Animals on Known Dietary 
Regimens—The semimicroprocedure described for the determination of un- 
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saturated fatty acids was applied to blood serum of fasted dogs maintained 
on diets with and without fat (5). The data reported in Table III repre- 
sent the means for duplicate determinations on 50 specimens from twenty 
six dogs. 

It will be noted from the EI values that absorption for conjugated 2, 
3, 4, 5, and 6 double bond fatty acids was observed. Since no standards 


Tanin II 
Miztures of Palmitic and Stearic Acids with Unsaturated Fatty Acids 
Unsaturated fatty acids Results Dienoic Trienoic Tetraenoic 
percent percent per cent 

Linoleic + linolenic Determined 11.3 2.9 6.0 

Theoretical 11.3 3.4 0.0 

Determined 23.2 5.8 0.0 

Theoretical 2.7 1.7 0.0 

Determined 32.6 4.7 0.0 

Theoretical 32.5 4.7 0.0 

Linoleic + arachidonic! Determined 0.6 0.0 5.1 

Theoretical 10.2 0.0 6.8 

Determined 21.9 0.0 17.0 

Theoretical 22.7 0.0 17.4 

Determined 31.0 0.0 30.6 

Theoretical 32.5 0.0 2.9 

Linolenie + arachi- Determined 6.0 3.8 6.6 

donic Theoretical 0.0 4.2 9.4 

Determined 0.0 4.8 18.4 

Theoretical 0.0 4.7 18.0 

Determined 0.0 4.8 30.8 

Theoretical 0.0 4.7 32.2 

Linoleic + linolenic Determined 6.4 3.1 5.1 

+ arachidonic Theoretical 6.2 2.9 5.7 

| Determine 14.8 3.3 12.6 

Theoretical 15.7 3.1 12.0 

Determined 21.s 3.7 20.9 

3.2 20.0 


Theoretical 21.7 


for 5 and 6 double bond fatty acids conjugated by this method are available, 
the per cent of these fatty acids could not be calculated or their contribu- 
tion to the absorption at other wave-lengths taken into account. How- 
ever, in most instances the E1%, values at 3475 A and 3750 A were rela- 
tively small and would represent small amounts of pentaenoic and hexaenoic 
acids compared with the amounts of dienoic and tetraenoic acids ob- 
served (6). 

The data for both the EI values and the calculated per cent of dienoic 
and tetraenoic acids show the same correlations with the dietary regimen. 
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It will be observed that (1) considerably lower values were found for diene 
and tetraene conjugated fatty acids in the serum of dogs maintained on 
a low fat diet than in the serum of animals receiving 5 to 29 per cent of 
their calories as fat; (2) the amount of these fatty acids was directly related 
both to the caloric intake of fat and to the unsaturated fatty acid content 
of the dietary fat; (3) the serum of fat-deficient dogs showed a high per- 


Tast III 

Distribution of Unsaturated Fatty Acids in Total Fatty Acids of Dog Serum 
«350A | 200A «000A | MISA | 
144 102 15 3.1 1.1 
5% calories, lard.................. 223 8 655 4.9 0.0 
10% 254 93 60 7.3 1.2 
15% * C 267 100 83 3.7 0.0 
15% “ bacon fat............. 262 113 84 8.1 2.0 
156% — butter fat 178 95 38 11.1 1.1 
200% l ard 288 100 78 6.7 0.9 
29% ¼ cocoa butter 231 13 3 6.1 0.8 
— 22 

| : mg. per 

Low fat. 5 146.5 4 359 

5% calories, lard............... 6 3.8 16 399 

15% “ e 19 0.8 24 483 

1% | 80 | | 619 

15% “ butter fat. 9 | 9.7 11 599 

2% „ „ 22 | 440 

29% butter. 1 105 | 12 423 


Fat, 1 per cent of total calories derived from skim milk and casein. 
t Per cent of total fatty acid. 


’centage of trienoic acid; (4) the observed EI. values at 3475 A and 3750A 
did not show the same trends as at 2350 A and 3000 A, and the former 
values could not be correlated with the dietary regimen. 


DISCUSSION 


The absolute amount (mg. per cent) of 2, 3, and 4 double bond fatty 
acids in blood serum may be calculated readily from data such as are 
presented in Table III. However, these values may be misleading when 
the total fatty acid content is either extremely low or exceptionally high. 
It has been demonstrated with dogs (7) that differences in the composition 
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of the total fatty acids in serum of control and fat-deficient animals are 
greater in proportion to their standard errors than are the differences 
in the absolute amount of fatty acid. Hence, such values as the iodine 
number of the fatty acids or the percentage distribution of saturated and 
unsaturated fatty acids become more significant in relation to dietary 
history and nutritional status than the absolute amount expressed as mg. 
per cent of unsaturated fatty acid. 

It is believed the semimicroprocedure described offers a practical method 
for measuring the 2, 3, and 4 double bond fatty acids in human blood serum. 
The results may be expressed as EI dn, as per cent of the total fatty acids, 
or as mg. per cent of unsaturated fatty acid. Data obtained by this 
method should be helpful in evaluating the importance of the essential 
fatty acids in human nutrition. 


SUMMARY 


A semimicroprocedure has been described for measuring the 2, 3, and 4 
double bond fatty acids in 3 ml. of blood serum. The unsaturated fatty 
acids are determined by spectral analysis of the alkali conjugated acids. 
With known mixtures of saturated and unsaturated fatty acids in amounts 
equivalent to those found in 3 ml. of serum (7 to 15 mg.), the recoveries 
of linoleic, linolenic, and arachidonic acids with few exceptions were within 
5 per cent of the theoretical amount present. Analysis of the serum of 
dogs maintained on known dietary regimens with and without fat showed 
good correlation between the amount of dienoic and tetraenoic acids in the 
serum and the amount and kind of dietary fat. 
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THE METABOLISM OF EPINEPHRINE CONTAINING ISOTOPIC 
CARBON. III“ 


By RICHARD W. SCHAYER ano ROSA L. SMILEY 
Wits tHe Tecunicat Assistance or JEAN KENNEDY 
(From the Rheumatic Fever Research Institute, Northwestern University Medical School, 
Chicago, Illinois) 
(Received for publication, October 22, 1952) 

This paper describes further investigations on epinephrine metabolism 
(1-5) relating to (a) the possible loss of the a-carbon during metabolism, 
(b) the rdle of adrenochrome, and (c) the réle of amine oxidase in the intact 
animal. The structural formulas of epinephrine and adrenochrome are 
shown in the accompanying diagram. 


H (8) (8) 
CH, (a) N (@) 

| 
CH. 
CH. 
Epinephrine Adrenochrome 
EXPERIMENTAL 


a-C"-dl-Epinephrine—-This compound was synthesized in the usual man- 
ner (3) from chloroacetic acid-2-C“ purchased from the Oak Ridge National 
Laboratory. The specific activity, measured with a flow counter, was 7.2 
X 10‘ e. p.m. per mg. After intravenous injection of 0.05 y per gm. of 
body weight into three rats, urine was collected for 17 hours and assayed! 
at infinite thickness by the technique previously described (4). The per 
cent recoveries of CW were 98, 98, and 102. Therefore, in the albino rat 
there is no significant cleavage between the a- and the §-carbon atoms of 
inephri 


Role of Adrenochrome in Epinephrine Metabolism—We have previously 
shown that in the rat there are at least two major urinary metabolites of 


epinephrine retaining the methyl carbon atom (4). The possibility exists 
Supported in part by a research grant from the United States Public Health 


During humid weather it is necessary to dry the urine residues in vacuo and keep 
them desiccated until ready to count or weigh. 
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that these compounds may be formed with adrenochrome (which also 
retains the methyl carbon) as an intermediate. 

Adrenochrome, in solutions exposed to air, is oxidized to melanine. If 
adrenochrome should lie on the pathway of melanine metabolism in the 
organism, adrenochrome metabolism should be studied in normally pig- 
mented animals. Therefore, in the following experiments highly pig. 
mented hooded rats (Rockland Farms) were employed as well as the albino 
rats (Wistar) used in our earlier studies on epinephrine metabolism. 

After rats are injected with B-C-dl-adrenochrome (3) at levels of 10 to 
15 y per gm. of body weight, the urine contains an intensely yellow pig. 
ment. This metabolite (or metabolites) of adrenochrome? is unstable, for, 
whereas chromatograms developed under nitrogen show a single diffuse 
peak of about N, 0.1 to 0.4, chromatograms developed in air show only 2 
smear of radioactivity devoid of distinguishable peaks. This behavior is 
markedly different from chromatograms of urine after administration of 
methyl-labeled epinephrine which show three distinct peaks either in air 
or in nitrogen. Although this dissimilarity in chromatographic behavior 
suggests that adrenochrome is not an epinephrine metabolite, it is possible 
that the metabolism of exogenous adrenochrome might differ from that of 
adrenochrome formed in the organism. However, the difference in chro- 
matographic behavior permits a fairly rigorous test for adrenochrome for- 
mation from epinephrine. 

If a small amount of C-adrenochrome was being produced as an inter- 
mediate in the metabolism of C"-epinephrine, in the presence of a large 
excess of non-isotopic adrenochrome, a portion of the C"-adrenochrome 
would be trapped and excreted as the unstable metabolite which produces 
only smears on chromatograms developed in air. 

Both albino and hooded rats were injected with methyl-C" -dl-epineph- 
rine plus a large excess of non-isotopic adrenochrome. The chromatogram, 
developed in air, of the urine of a hooded rat is shown in Fig. 1, whichis 
almost identical with our previously published chromatogram of urine 
following injection of methyl-labeled epinephrine (4). The sharpness of 
the peaks and relative absence of radioactivity between them strongly sug- 
gest that no C"-adrenochrome was formed in this experiment and that 
adrenochrome is not a metabolite of epinephrine. Similar results were 
obtained with white rats and brown field mice. 

Role of Amine Oxidase in Epinephrine Metabolism in Intact Rat—Al- 
though amine oxidase has been proposed as an epinephrine -metabolizing 
enzyme (6), its réle in vivo has been the subject of controversy (7, N. 
Methylamine, an anticipated end-product of amine oxidase activity, has 

2 It is reported (12) that a urinary metabolite of adrenochrome in the rabbit is 
3,5,6-trihydroxy-N-methylindole. 
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been demonstrated in vitro (4, 9), and we have published indirect evidence 
that amine oxidase metabolizes about one-half of the injected ( or dl- 
epinephrine (4). 

The present study involves the effect of an inhibitor of amine oxidase on 
the per cent excretion of C in urine after administration of methyl-labeled 
epinephrine. Zeller et al. have found that Marsilid“ (1 -isonicotinyl-2- 
isopropylhydrazine) strongly inhibits amine oxidase in vitro (10) and also, 
when injected into animals, greatly reduces amine oxidase activity in 
the tissues (11). On the contrary, a drug of similar structure, Rimifon* 
(isonicotinylhydrazine), was found to have little effect on the amine oxi- 
dase activity. 


0 20 30 
POSITION ON PAPER 
(cm.) 


Fic. I. Radioactivity on paper chromatogram of urine from hooded rat injected 
subcutaneously with 2.7 y of methyl-C"'-dl-epinephrine plus 13 y of non-isotopic 
dl-adrenochrome per gm. of body weight. 


Therefore, albino rats were injected subcutaneously with these drugs, 
and after 20 minutes were given methyl-labeled epinephrine intravenously; 
the urine was collected for 17 hours and assayed for total CM on infinitely 
thick samples,' as previously described (4). The results are shown in 
Table I. 

It can be seen that Marsilid at a concentration of 0.72 mm per kilo of 
body weight produces a marked increase in the per cent of CM excreted in 
the urine, whereas Rimifon, at the same concentration, produces only a 
slight increase over normal. At a higher concentration Marsilid causes 
practically complete excretion of the methyl carbon atom of epinephrine 
in urine. 

To confirm this apparent inhibition of amine oxidase further, studies 
were made on the effect of Marsilid on chromatographic patterns of urine 


*The authors are indebted to Professor E. A. Zeller for suggesting the use of 
Marsilid as an amine oxidase inhibitor, and to Dr. M. J. Schiffrin of Hoffmann-La 
Roche, Inc., for supplying Marsilid and Rimifon. 
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following epinephrine administration. No alteration of chromatograms of 
urine after injection of methyl-labeled epinephrine would be expected from 
the use of Marsilid; the same three peaks should be present, although the 


I 


Effect of Marsilid and Rimifon on Per Cent C* in Urine after Intravenous Injection of 
Methyl-C'*-dl-epinephrine 


— — 


| kilo, body per am body Per cent radioactivity in urine (3 rats) 
| mu | | 

0.05 Average 61° 
Z 0.72 0.03 50, 72, 73, average 68 
Marsilid ...... 0.36 0.05 76, 79, 8, 80 

„„ 0.72 0.08 84, 91, 92, 89 

„ | 1.08 0.03 


92, 97, 105, average 96 
* See Schayer, Smiley, and Kaplan 4). | 
+t This value was considered as 100 per cent in computing the average. 


II 
Effect of Marsilid on Ether- Soluble Fractions* of Urine Following Epinephrine 
Administration 
| Per cent of total urinary radioactivity 
Marsilid per Kilo budy — 41-Epinephrine per gm. body weight | paw | Sie 
Fraction | Fraction Fraction 
11¹ 
mu 
1.08 0.10 (Intravenous) 00 63 0.0 23 
1.08 0.10 “ 1.0 90 00 40 
0.0 (3, 4 0.05 as 3.2 2.8 0.0 1.6 
0 0.05 . | 2.7 5.0 0.0 1.9 
0.0 0.30 “ 4.2 14 00 49 
1.08 3.5 (Subcutaneous) 0.4 u 0.0 28 
0.0 (3)t 3.0 2 5.6 18 0.0 7.0 


* See foot-note 1. 
t Bibliographic reference numbers. 


small amounts of radioactivity due to methylamine metabolites would be 
missing. However, after administration of B-labeled epinephrine, those 
peaks due to substances formed by amine oxidase activity would be greatly 
diminished or entirely lacking. A chromatogram from a 125 gm. rat given 
1.08 mm of Marsilid per kilo of body weight, followed in 20 minutes by 24 
of methyl-C"-dl-epinephrine per gm. of body weight, showed peaks at 
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R, 0.18, 0.57, and 0.74, a pattern similar to Fig. 1 and characteristic of such 
chromatograms. A chromatogram of urine from a 120 gm. rat given the 
same dose of Marsilid, followed in 20 minutes by 3.5 y 8-C"-dl-epinephrine 
per gm. of body weight, showed peaks at 2, 0.12, 0.53, and 0.66. No 
significant difference is found between these chromatograms of urinary 
metabolites of methyl- and 8-labeled epinephrine. Marsilid has produced 
a pronounced alteration of the chromatogram following 8-labeled epineph- 
rine. 

The ether-soluble fractions‘ of urine collected for 4 hours following injec- 
tion of epinephrine were studied to ascertain whether the formation of 
these compounds was inhibited by Marsilid. The results are shown in 
Table II. It is evident that Marsilid decreases Ether Fraction I, but has 
no definite effect on the remaining fractions. Thus it is possible that 
Ether Fraction I is the only one of these minor epinephrine metabolites 
produced by amine oxidase. The failure to observe a distinct peak for 
one or both of the components of Ether Fraction Il in the chromatogram 
following 8-labeled epinephrine is probably due to the coincidence of this 
substance with the compound producing the first peak. 

DISCUSSION 

The findings of this investigation strengthen the evidence that amine 
oxidase is responsible for the metabolism of about one-half of the injected 
epinephrine. One major metabolite and probably the compound of Ether 
Fraction I are implicated as urine end-products of amine oxidase activity. 

The formation of two other minor compounds (Ether Fraction II) seems 
relatively unaffected by the amine oxidase inhibitor and suggests that the 
methyl carbon of epinephrine can be lost by means other than amine oxi- 
dase. Experiments are in progress to determine whether this reaction 
invelves formation of norepinephrine. 

The chromatogram, Fig. 1, provides strong evidence of the non-oecur- 
rence of adrenochrome in epinephrine metabolism, but does not constitute 
conclusive proof. The remote possibility does exist that in its metabolism 
epinephrine becomes attached to an enzyme where it is oxidized to adreno- 
chrome, which is then further metabolized without being released. If 


Ether Fraction I is the fraction extractable by ether from acidified urine; Ether 
Fraction II is the fraction extractable from acid-hydrolyzed urine from which Ether 
Fraction I had been removed previously; Ether Fraction III is the ether portion after 
extraction of Ether Fraction I with 1 per cent sodium bicarbonate solution; Ether 
Fraction IV is the ether portion after extraction of Ether Fraction II with I per cent 
sodium bicarbonate solution. These compounds are not radioactive in urine after 
administration of methyl-labeled epinephrine and hence have lost the methyl carbon 
atom. 
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this enzyme were incapable of picking up exogenous adrenochrome as well 
as of releasing any of the endogenous adrenochrome, our experiments would 
have failed to demonstrate adrenochrome as an intermediate.“ In the 
event of such a contingency the adrenochrome would be undetectable by 
isotopic or other means and would be of no physiological significance, 
Our findings indicate either that adrenochrome is not a metabolite of 
epinephrine or, if it is, that it is necessary to impose these strict limitations 
concerning its transient formation. 
SUMMARY 


1. Epinephrine labeled in the a-position with C“ has been synthesized. 
As this carbon is almost entirely excreted in the urine, there is no evidence 
of cleavage between the a- and gf;ᷓ- carbon atoms of the side chain of epi- 
nephrine. 

2. Chromatographic studies indicate that adrenochrome is probably not 
an intermediate in the metabolism of epinephrine. 

3. Marsilid, an amine oxidase inhibitor, produces a marked alteration of 
epinephrine metabolism and causes the excretion of almost all of the 
methyl carbon atom in the urine. These studies indicate a major role 
for amine oxidase in epinephrine metabolism in the intact animal. 

4. Marsilid has relatively little effect on the percentages of two minor, 
ether-soluble urinary metabolites of epinephrine. This suggests that these 
compounds have lost the methyl carbon atom by means other than amine 


oxidase action. 
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Fo cite a partial analogy, the binding mechanism of histamine, possibly protein 
in nature, seems to require that the histamine which it binds is formed from 1-histi- 
dine at the site of binding; it seems unable to bind exogenous histamine (13). 
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CHOLINE PHOSPHOKINASE 


Br JONATHAN WTITTEN BERG“ ano ARTHUR KORN BERG 


From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, November 15, 1952) 


Studies in this laboratory (1, 2) have suggested that 
is incorporated by liver enzyme preparations into a phospholipide fraction 
and that the rate is many times more rapid than with free choline. While 
the natural occurrence of phosphorylcholine has been observed by Lund- 
quist in seminal vesicular secretions (3) and in trace amounts in beef liver 
by Inukai and Nakahara (4), its origin may have been from lecithin hydro- 
lyzed enzymatically by a mechanism similar to the action of Clostridium 
welchit toxin (5-7). It therefore appeared desirable to determine whether 
s mechanism existed in nature for the direct phosphorylation of choline. 

We have observed the phosphorylation of choline by ATP" in the pres- 
ence of extracts of yeast or acetone powders of several tissues. With a 
purified enzyme preparation from yeast, the reaction product phosphoryl- 
choline was isolated and identified and the reaction shown to proceed 
according to the following equation: 

CH CH, ol + ATP — (CH;)sNCH:CH,OPO.H; + ADP 


Methods 


Materials—Choline chloride was a Merck product. f-Dimethylamino- 
ethyl alcohol, 8-diethylaminoethyl alcohol, 6-methylaminoethyl] alcohol, 
8-ethylaminoethy] alcohol, B-aminoethy] alcohol (ethanolamine), ethylene 
glycol, and ethylene glycol monoethyl ether were commercial products 
and were distilled before use. The sodium salt of adenosinetriphosphoric 
acid (ATP) was obtained from the Sigma Chemical Company and from 
the Pabst Laboratories. The barium salt of adenosinediphosphoric acid 
(ADP) was obtained from the Sigma Chemical Company and was freed 
of ATP by ion exchange chromatography on Dowex 1 (chloride) (8). Re- 
duced diphosphopyridine nucleotide (DPNH) of purity 0.61 was prepared 
by Ohlmeyer's method (9). Triphosphopyridine nucleotide (TPN) (purity 
0.86) was obtained by ion exchange chromatography (10). Phosphopy- 

* Postdoctorate Fellow of the National Institutes of Health. 

The following contractions are used throughout the article: ATP, adenosinetri- 
phosphate; ADP, adenosinediphosphate ; TPN, triphosphopyridine nucleotide; DPN, 
diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide. 


A 
* 
* 
& 
4 
* 
eg 
‘ 
« 
* 
4 
* 
* 
8 
a 
* 
# 
* 


432 CHOLINE PHOSPHOKINASE 


ruvic acid was prepared by Ohlmeyer’s modification (11) of Kiessling’s 
method. Dowex 1 (anion exchange) resin (200 to 400 mesh, chloride form) 
was prepared by washing the resin with 3 n hydrochloric acid until free of 
impurities absorbing at 260 my and then with water. The formate form 
of the resin was prepared by treating the chloride form of the resin with 2 
M sodium formate until the washings were nearly free of chloride ion and 
then washing with water. 

Choline bromide-1 ,2-C (labeled in the ethanol moiety) was obtained 
from Tracerlab, Inc. Phosphorylcholine-1, 2-CM was prepared from C. 
choline bromide by the method of Riley (12). ATP labeled with Pu in 
the two terminal phosphorus atoms was prepared by the action of mouse 
liver mitochondria? on adenosinemonophosphate, P*. inorganic orthophoe- 
phate, and a-ketoglutaric acid (13), and then purified by the ion exchange 
chromatography procedure of Cohn and Carter (8) with slight modifica 
tions (14). Pyruvate phosphokinase, the enzyme catalyzing transfer of 
phosphate from phosphopyruvate to ADP to form pyruvate and ATP, was 
purified from rabbit muscle (15). Zwischenferment was purified from yeast 
(16), and lactic dehydrogenase from rabbit muscle (15). Hexokinase was 
prepared according to Berger et al. (17) and myokinase (ammonium sulfate 
fraction) according to Colowick and Kalckar (18). 

Semen phosphatase was prepared from human semen. In order to re- 
move the choline and phosphate present in semen, the enzyme was precipi- 
tated twice at 0° with ammonium sulfate. 10 ml. of semen were diluted 
with 30 ml. of water and clarified by centrifugation. 24 gm. of ammonium 
sulfate were added and the precipitate collected by centrifugation was 
dissolved in 40 ml. of water. The precipitation was repeated and the 
precipitate collected by centrifugation was dissolved in 10 ml. of sodium 
acetate buffer (0.1 m, pH 6). 

Determinations—Choline was determined at microgram levels by the 
procedure of Appleton et al. (19). 0.1 to 0.5 um of choline is precipitated 
as an iodine complex, collected by centrifugation, dissolved in 10 ml. of 
ethylene dichloride, and estimated in the Beckman spectrophotometer at 
365 mu. Phosphorylcholine is not precipitated by the iodine reagent under 
these conditions. The accuracy of the method when applied to pure solu- 
tions is within 5 per cent. However, discrepancies of 10 to 15 per cent 
were observed in the estimation of choline in perchloric acid filtrates of 
crude extracts. These were corrected for by determining the recovery of 
added amounts of choline to such mixtures. 

Choline phosphokinase was assayed by its ability to convert choline to 
a form which is not determined by the iodine method. The incubation 
mixture contained 0.2 ml. of glycylglycine buffer (0.2 m, pH 8.5), 0.04 ml. 
of MgCl; (0.3 u), 0.05 ml. of cysteine (0.3 m), 0.2 ml. of ATP (30 mg. of 


* Kindly supplied to us by Dr. W. W. Kielley. 
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sodium salt per ml., approximately 0.05 M), 0.20 ml. of choline chloride 
(0.010 1), choline phosphokinase, and water to 1.0 ml. The mixture was 
incubated at 26°. After 20 minutes the reaction was stopped by the addi- 
tion of 1.0 ml. of perchloric acid (6 per cent in water). The precipitated 
protein was removed by centrifugation and a 0.5 ml. aliquot analyzed for 
choline. The amount of choline phosphokinase was adjusted so that 0.5 
to 1.5 uu of choline were removed. Choline removal was proportional to 
the amount of enzyme added within the range allowed by the assay. The 
results are expressed i in units of enzyme activity. A unit of choline phos- 
phokinase activity is defined as that amount of activity which causes the 
removal of 1 um of free choline per hour. 

Semen phosphatase was employed to liberate free choline * the form 
(“esterified choline”) to which it was converted by the action of choline 
phosphokinase. The incubation mixture contained 0.4 ml. of sodium ace- 
tate buffer (0.5 M, pH 5.0), 0.4 ml: of MgCl. (0.3 u), 0.1 ml. of semen phos- 
phatase, the sample to be determined (containing approximately 1 ym of 
“esterified choline’), and water to 1.9 ml. Incubation was for 30 minutes 
at 30°. Deproteinization was effected by the addition of 0.1 ml. of 60 per 
cent perchloric acid and a 0.5 ml. aliquot was analyzed for choline. Free 
choline present in the sample was determined at zero time and subtracted 
from the final value. 

ATP was determined spectrophotometrically as previously described (15, 
20). In the absence of myokinase, the successive action of hexokinase 
and Zwischenferment on glucose and glucose-6-phosphate, respectively, re- 
sulted in the reduction of 1 mole of TPN per mole of ATP. In the presence 
of myokinase, ADP produced by the action of hexokinase is reconverted to 
ATP and 2 moles of TPN are reduced per mole of ATP. The term “kin- 
We- labile“ phosphate (15) refers to phosphate transferred to glucose (as 
determined by TPN reduction) by ATP and ADP when both hexokinase 
and myokinase are present. 

Orthophosphate was determined by the method of Fiske and Subbarow 
(21); acid-labile phosphate was the phosphate liberated after hydrolysis 
for 10 minutes in 1 N sulfuric acid at 100°, and total phosphate included 
the phosphate liberated by ashing with a sulfuric acid-nitric acid mixture. 
Phosphorylcholine phosphate is liberated only by the ashing procedure. 

ADP was estimated by the use of pyruvate phosphokinase as previously 
described (15). ADP is the specific acceptor for phosphate transferred 
from phosphopyruvate and, for every mole present, 1 mole of pyruvate 
appears, the latter being measured spectrophotometrically by the oxida- 
tion of DPNH in the presence of lactic dehydrogenase. 

Protein concentration was determined by the nephelometric method of 
Bücher (22) in the Beckman spectrophotometer at 340 mu. 

Radioactivity was determined with a thin mica end window Geiger- 
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Müller counter (Tracerlab). Solutions containing P* were counted as 1.0 
ml. aliquots contained in dishes of 2.5 cm. diameter. No sample had an 
activity of less than 600 c.p.m. CM samples were counted as crystalline 
calcium phosphorylcholine at infinite thickness” on planchets 1.4 cm. in 
diameter. 


Results 

Purification of Choline Phosphokinase*—Dried brewers’ yeast“ (150 gm.) 
was suspended in 3 volumes of 0.1 m sodium carbonate, kept for 4 hours at 
31°, and then centrifuged (Table I; autolysate). To 250 ml. of supernatant 
fluid were added 1000 ml. of cold water and 438 gm. of ammonium sulfate. 
The precipitate collected by centrifugation was dissolved in water to a 
volume of 250 ml. (Ammonium Sulfate I). Sulfate ion was removed by 
passage through a column of Dowex 1 (formate) 5 cm. in diameter, approxi- 


Tanin I 
Purification of Choline Phosphokinase 
Step Total units Specific activity 
per kr. waits ; per mg. protein 
Ammonium Sulfate Il. | 16,000 7.4 
Calcium phosphate gel elu ate | 6,000 | 25.0 


— — — — — — — — 


— 


mately 4 cm. in height, and containing 80 ml. of packed resin. The flow 
rate was adjusted to 2 ml. per minute. The effluent (Table I) was at pH 
7.2 or was adjusted to this pH with sodium hydroxide. Calcium phos- 
phate gel (23) (170 ml. containing 3 gm. of dry weight) was centrifuged at 
low speed to remove excess water and added with gentle stirring to the 
Dowex effluent. After 5 minutes, the gel was centrifuged, washed once 
with 250 ml. of phosphate buffer (0.01 M, pH 7.0), and eluted with 250 ml. 

of phosphate buffer (0.05 m, pH 7.0) (calcium phosphate gel eluate). To 
remove phosphate ions, the protein was precipitated by the addition of 
ammonium sulfate (105 gm.) and the precipitate collected by centrifuga- 
tion was dissolved in 50 ml. of glycylglycine buffer (0.05 m, pH 8.5) (5500 
units, 126 units per ml., specific activity 22 units per mg. of protein). This 
preparation lost from 20 to 40 per cent of its activity during storage for | 
month at —8°. It was used for all the experiments reported except those 
involving isolation of the reaction product, for which the enzyme was 
further freed of phosphate ions by passage over Dowex 1 (formate). 

All operations were carried out at 3° unless otherwise specified. 

* Anheuser-Busch strain BSC, washed. 
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Stoichiometry of Reaction—The equivalence of ATP, choline, and acid- 
labile phosphate consumed, with esterified choline produced, is demon- 
strated in Table II. A single incubation was carried out and aliquots were 
removed at intervals for analysis. Further evidence for stoichiometry 
was observed in a large scale experiment described in the following section. 
Isolation of Reaction Product and Identification As Phosphorylcholine— 
The isolation procedure involved deproteinization of the reaction mixture 
by heat, removal of cystine by precipitation at pH 5, removal of nucleotides 
by adsorption on Dowex 1 (formate), removal of formic acid, electrolytic 
removal of salts, and crystallization of the product as a calcium salt by 
the addition of alcohol to an aqueous solution. 


Tant II 


Stoichiometry of Reaction 
The incubation mixture (20.0 ml.) contained 1.6 ml. of choline phosphokinase (9.1 
mg. of protein), 4.0 ml. of glycylglycine buffer (0.2 u, pH 8.5), 0.8 ml. of MgCl, (0.3 
u), 1.0 ml. of cysteine (0.3 u, pH 7), 7.0 ml. of ATP (sodium salt, 6 mg. per ml.), 4.0 
ml. of choline chloride (0.010 u), and 1.6 ml. of water. The values are expressed in 
micromoles per ml. 


Amount consumed or liberated after 
Substance estimated * 
20 min. 0 min. 70 min. 90 min. 
2.00 —1.25 —1.71 —1.95 —1.95 
Esterified choline. ........... +1.62 +1.87 +1.80 
ATP (kinase-labile P)........ 4.59 —1.05 —1.49 —1.67 —1.85 
6.24% —1.14 —1.84 —1.80 1.90 


»The ATP preparation contained some inorganic pyrophosphate. 


3300 units (135 mg.) of purified choline phosphokinase were incubated 
at room temperature with choline chloride (2.0 mu), ATP (1.09 mm), MgCl; 
(4.5 mu), cysteine (6.7 ma), and tris(hydroxymethyl)aminomethane buffer 
(4.5 mm) in a volume of 450 ml. The mixture was maintained at pH 8.5 
by the addition of sodium hydroxide. After 4 hours the mixture was 
deproteinized by heating to 90° and removing the residue by centrifugation. 

Analysis indicated the removal of choline 1.91 mu, kinase-labile phos- 
phate 1.81 mm, and acid-labile phosphate 1.77 mm. The amount of phos- 
phorylcholine present, estimated by the dilution of isotope in added syn- 
thetic phosphoryl-C™-choline, (see below), was 1.85 mM. 

Phosphoryl-CM.choline in a trace amount was added. The solution was 
adjusted to pH 5 with hydrochloric acid, and cystine which had formed by 
air oxidation of the added cysteine was allowed to precipitate and was 
removed by filtration. Adenine nucleotides were removed by passing the 
filtrate (pH 9) over a column of Dowex 1 (formate) containing 50 ml. of 
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packed resin. The formic acid introduced in this step was volatilized by 
acidifying the solution with hydrochloric acid and lyophilizing to dryness, 
Accumulated salts were removed by electrolysis in the apparatus of Cons. 
den, Gordon, and Martin (24). 2 mm of calcium chloride were added, 
Solid calcium hydroxide was then added until the solution was pink to 
phenolphthalein, the solution clarified by filtration, and the product crystal. 
lized by the addition of 3 volumes of ethanol. After two recrystallizations, 
0.309 gm. of fine white needles was obtained (0.94 mm, 52 per cent of 
theoretical). 
. Choline (0.92 mole per 329 gm.) and inorganic orthophosphate (0.98 
mole per 329 gm.) were liberated from the product by semen phosphatase. 
Plimmer and Burch (25) reported that synthetic calcium phosphorylcholine 
chloride crystallizes from aqueous alcohol as a tetrahydrate (molecular 
weight 329). Elementary analysis of the recrystallized reaction product 
gave somewhat lower values than the calculated values, suggesting an im- 
purity (possibly calcium chloride) of about 5 per cent. The ratio of N:P 
was 0.94. Losses of radioactivity encountered during isolation of the prod- 
uct were entirely accounted for in the mother liquors and other residues, 
In view of the less than theoretical yield expected in the isolation of the 
product, the technique of isotope dilution was used to establish that phos 
phorylcholine was the main reaction product. After deproteinization, a 
small amount (1.00 ml. containing about 0.02 mm) of a solution of synthetic 
phosphoryl-C"-choline of high specific activity was added to the reaction 
mixture. The radioactivity of the isolated calcium phosphorylcholine was 
found to be 3610 counts above background per minute per standard plan- 
chet, at infinite thickness. The radioactivity of the synthetic phos- 
phoryl-C-choline was determined by mixing 0.20 ml. of radioactive 
material with 0.164 gm. of non-radioactive material. The determined 
radioactivity of the mixture was 2680 c.p.m. From these data the amount 
of phosphorylcholine present in the reaction mixture was calculated to be 
1.85 mm, an amount which is in good agreement with the amounts of 
choline and ATP consumed. 
1.00 ml. 2680 c. p. m. 


0.164 gm. X ml. 5610 c.p.m. 


= 0.608 gm. = 1.85 X 10-* mole 


ATP As Specific Phosphate Donor—The choline phosphokinase prepara- 
tion reacts with ADP, but only one-sixth as rapidly as with ATP (Table 
III). Since the purified choline phosphokinase was still contaminated 
with myokinase,“ this action of ADP could be attributed to a preliminary 

Assay of a sample of ATP gave u value of 0.105 um of hexokinase-labile phos- 
phate; in the presence of 0.1 ml. of choline phosphokinase the value was 0.207 zu, 
indicating the presence of myokinase in the choline phosphokinase preparation. 
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conversion to ATP rather than to its direct participation as a phosphate 
donor. That the ADP participation was indeed indirect was suggested 
by experiments (Table III) in which traces of ATP (generated by the 
action of myokinase on ADP) were continuously removed by added glucose 
and hexokinase, according to the equation, 
ATP + glucose app + giucose-6-phosphate 

Under these conditions no reaction of ADP with choline phosphokinase 
was detectable. The slight inhibition of the reaction by glucose alone 


Taste III 
ATP As Specific Phosphate Donor 

The incubation mixture contained 0.3 ml. of choline chloride (0.010 u), 0.6 ml. of 
glyeylglycine buffer (0.2 u, pH 8.5), 0.15 ml. of MgCl, (0.3 u), 0.15 ml. of cysteine 
(0.3 u, and water to 3.0 ml. Choline phosphokinase (0.1 ml. or 0.5 ml.), 0.3 ml. of 
ATP (9.5 um per ml.), 0.9 ml. of ADP (3.1 um per ml.), 0.15 ml. of glucose (0.5 M), 
and 0.15 ml. of hexokinase were added as indicated. The samples were incubated 
for 20 minutes at 26°. Choline removal was measured. The values are given in 
units (micromoles per hour) of enzyme activity per mg. of protein. 


Additions Rate of choline removal 

ATP P phos- 1 2 
| units per mg. i per mg. 

+ — 20 13.1 

— + 3 — 3.3 2.3 

— + 0.5 + + 0.0 0.0 

— — 15.4 10.5 

— + 0.5 — | + 0.7 

— 90.1 1 


| 


— — — — — 


may be accounted for by traces of hexokinase which were observed to be 
present in the choline phosphokinase preparation. 

Affinity of Enzyme for ATP and Choline It became apparent that, in 
order to determine the influence of ATP and choline concentrations on 
the rate of reaction, an assay method more sensitive than that provided 
by estimating ATP or choline disappearance was essential. This was 
afforded by the use of P-labeled ATP (labeled in the two terminal phos- 
phorus atoms) and a method for the quantitative separation of phosphoryl- 
choline from ATP, ADP, and inorganic phosphate. In this way the forma- 
tion of very small amounts of phosphorylcholine was detectable. 

The incubation mixture was deproteinized with an equal volume of 6 
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per cent perchloric acid, made alkaline to phenolphthalein with ammonium 
hydroxide, and passed over a column of Dowex 1 (formate, 3.5 ml. of 
packed resin). The effluent contained no ATP, ADP, or inorganic phos. 
phate, but all of the phosphorylcholine.* Radioactivity in the effluent 
was taken to represent phosphorus incorporated into phosphorylcholine. 
The blank value obtained when choline was omitted from the mixture was 
100 c.p.m. In the experiment with limiting ATP, no count was less than 
1000 c.p.m. In the experiment with limiting choline, the lowest count 
was 650 c.p.m. 
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Fia. 1. Influence of ATP concentration on the rate of reaction. The incubation 
mixture contained 0.2 ml. of choline chloride (0.010 M), 0.2 ml. of glycylglycine (0.2 
M, pH 8.5), 0.04 ml. of MgCl, (0.3 M), 0.05 ml. of cysteine (0.3 u), choline phospho- 
kinase (0.019 mg. of protein), and 0.05 to 4.0 um of PM. ATP (labeled in the two term- 
inal phosphorus atoms and containing 6.9 X 10° c.p.m. per um of ATP) and water to 
1.0 ml. Radioactivity incorporated into the phosphorylcholine fraction was deter- 
mined and the rate is expressed as units of enzyme activity per mg. of protein. §, 
ATP concentration; V, rate. 


From the data obtained with rate-limiting concentrations of ATP (Fig. 
1), a Michaelis constant (K.) of 2.9 X 10 n was obtained. The affinity of 
the enzyme for choline is too great to allow accurate results, even with this 
sensitive assay method. However, these determinations served to indicate 
that a half maximal rate is probably attained at a concentration of less 
than 1 X 10 M. A closer approximation obtained by another technique 
(see below) indicated a value of about 2 X 10 M. 

Phosphorylation of Choline and Related Substrates—The activity of choline 
phosphokinase toward several compounds chemically related to choline 
was established by the conversion of acid-labile phosphate to an acid- 
stable form when the substrate, ATP, and choline phosphokinase were 
incubated together. Under conditions of the choline phosphokinase assay, 

* While phosphorylcholine by itself is adsorbed on Dowex 1 (formate) at pH 9, 
the concentration of other anions in this incubation mixture was adequate to prevent 
any significant adsorption. 
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esterification (expressed as micromoles per hour per mg. of enzyme protein) 
of the following substrates was observed: choline 10, dimethylaminoethyl 
alcohol 7, monomethylaminoethy] alcohol 2, and aminoethyl alcohol 0.7. 

In order to obtain more precise data on the kinetics of reaction of these 
substrates and also to provide a more sensitive means of determining the 
reactivity of less active substrates, another technique was employed. This 
involved the spectrophotometric estimation of the rate of ADP formation 
(see Methods“) and permitted the reliable detection of a rate of 0.002 um 
per minute. 


0 


0 2 4 6 2 0 05 10 15 * 
(SUBSTRATE) (CHOLINE) MOLAR X 
— ALCOHOL) 
MOLAR Xx 103 MOLAR X 10 


Fic. 2. Influence of concentration of choline and related substrates on the rate 
of reaction. The values are expressed as units of enzyme activity per mg. of pro- 
tein. The incubation mixtures are described in Table IV. 4, , 8-dimethylamino- 
ethyl alcohol; 8-diethylaminoethy! alcohol; A, 8-methylaminoethyl alcohol; O, 
§-ethylaminoethyl alcohol. B, A, choline; @, aminoethy! alcohol. 


The amount of choline phosphokinase was adjusted to give an optical 
density chag@e of about 0.020 unit per minute. Pyruvate phosphokinase 
and lactic dehydrogenase were added in excess. In every case, the rate of 
reaction was observed to be proportional to the choline phosphokinase 
concentration. 

Dimethyl- and diethylaminoethyl alcohol, monomethyl- and monoethyl- 
aminoethyl alcohol, and aminoethyl alcohol itself were active as substrates 
for the enzyme (Fig. 2). However, the affinities of these substrates differed 
widely, as did the rates at low substrate concentrations (Table IV). For 
example, the half maximal rate was obtained for choline at a concentration 
of 2 X 10-* M, whereas for ethanolamine a concentration of 1 X 10 N 
was required. The relative rates of reaction with these two substrates at 
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3.3 X 10~ u differed by a factor of 37, while the maximal rates differed 
only by a factor of 4. 

No activity could be detected with serine, ethyl alcohol, isoamy] alcohol, 
ethylene glycol, or ethylene glycol monomethyl ether at concentrations of 
0.01 u. The amount of enzyme used (0.17 mg. of protein) was sufficient 
to allow the detection of 0.08 unit of enzyme activity. 


Tasie IV 

Influence of Concentration of Choline and Related Substrates on Rate of Reaction. 

The incubation mixtures contained 0.3 ml. of glycylglycine (0.2 u, pH 8.5), 0.15 
ml. of MgCl, (0.3 Mu), 0.15 ml. of cysteine (0.3 Mu), 0.1 ml. of ATP (10 zu per ml.), 
0.02 ml. of phosphopyruvate (30 au per ml.), 0.025 ml. of DPNH (12 zu per ml.), 
0.02 ml. of lactic dehydrogenase, 0.02 ml. of pyruvate phosphokinase, and water to 
3.0 ml. The added amounts of choline phosphokinase, in mg. of protein, were, for 
choline 0.057 mg., for dimethylaminoethy] alcohol 0.114 mg., for diethylaminoethyl 
alcohol 0.114 mg., for methylaminoethy! alcohol 0.285 mg., for ethylaminoethy! al- 
cohol 0.228 mg., for aminoethyl! alcohol 1.14 mg. The initial rates of DPNH oxida- 
tion were measured at 340 ma. The rates are expressed as units of enzyme activity 
(micromoles of DPNH oxidized per hour) per mg. of protein. 


mg. 
— 2 x10* 66 66 56 
8-Dimethylaminoethyl alcohol. xe i 64 | 64 43 
8-Diethylaminoethyl | | 
8-Methylaminoethyl alcohol. 6 N 10 48 3.6 14 
8-Ethylaminoethyl alcohol*.......... 1.6 3.3 1.2 
Aminoethyl alcohol“ (ethanolamine)... 1 X 10°? 17 0.43 0.15 


* A maximal rate was not achieved at the highest concentration tested and was 
therefore estimated from the curves (Fig. 2). 


Activation by Mg. and Cysteine—The requirement for Mg** is shown 
in Table V. Omission of cysteine decreased the rate of reaction 40 per 
cent. 

Effect of pH—The activity of the enzyme was found to be maximal ut 
pH 8.0 to pH 9.5 (Fig. 3). A 5-fold increase in activity was observed from 
PH 6 to 8. Inactivation of the enzyme occurs below pH 5.5 and at pH 10. 

Occurrence of Choline Phosphokinase—The enzyme, tested with choline 
as substrate, was observed to occur in extracts of acetone powders of liver 
(calf, rabbit, rat, and pig), brain (calf and rabbit), intestinal mucosa (calf 
and rabbit), and kidney (rabbit and pig). Since these observations were 
made at a time when optimal test conditions had not been worked out, 
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reliable values are not available. However, on the basis of comparison 
with yeast autolysates tested under comparable conditions, these tissue 
extracts (referred to mg. of protein) were about one-tenth to one-fortieth 
as active. 


Tan V 
Requirement for Magnesium 
The incubation mixture contained 0.2 ml. of glyeylglycine buffer (0.2 u, pH 8.5), 
0.2 ml. of choline chloride (0.010 u), 0.2 ml. of ATP (30 mg. per ml.), 0.05 ml. of 
eysteine (0.3 u), choline phosphokinase (0.51 mg. of protein), and water to a volume 
of 1.0 ml. MgCl, (0.1 or 0.01 u) was added to give the indicated concentrations. 
The choline removal was determined. 


Mg** Enzyme activity 
moles per |. units per mg. protcin 

0.000 <1 

0.001 <1 

0.002 1.4 
0.005 5.3 
0.010 10.5 
0.025 10.5 


2 
157 - 
us 
st 
0 


Ss 6 7 8 9 W 
pH 

Fic. 3. Effect of pH. The incubation mixture (1.0 ml.) contained 0.2 ml. of 
choline chloride (0.010 u), 0.04 ml. of MgCl, (0.3 a), 0.05 ml. of cysteine (0.3 u), 0.2 
ml. of ATP (sodium salt, 30 mg. per ml.), 0.2 ml. of buffer (0.2 u), and choline phos- 
phokinase (0.456 mg. of protein at pH 5 and 6, 0.342 mg. of protein at pH 6.5 and 
7,0.171 at pH 7.5 to 9.5). The buffers were O, sodium acetate; A, potassium phos- 
phate; . glycylglycine; and A, glycine. The choline removal was determined; 
the rates are expressed as units of enzyme activity per mg. of protein. 


The results of this study with the partially purified yeast enzyme reveal 
a rather general capacity to phosphorylate a series of compounds chemi- 
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cally related to ethanolamine. However, data on the substrate binding 
and rate of reaction reveal significant differences. The widest variation 
was found in the relative affinities of the substrates for the enzyme, the 
maximal rates of reaction (at optimal substrate concentrations) being 
nearly the same. For example, the half maximal reaction rates of choline 
and ethanolamine were at concentrations of 2 X 10 M and 1 X 107 wy, 2 
while the rates observed at these concentrations differed only by a factor | me 
of 4. For the sake of convenience, the enzyme has been called “choline am 
phosphokinase”’ because choline was the substrate of focal interest in this the 
investigation and exhibited the highest affinity and rate of reaction. As 
discussed below, this phosphokinase reaction may prove to be a step in the | to 
pathway of phosphatide synthesis. In that event, the capacity of the | of 
enzyme to phosphorylate dimethylethanolamine may help account for the 
observation of Crowder and Artom (26) that this compound is incorporated 
into the phospholipides of isolated rat liver tissue. With regard to ethanol 1 
amine, it is a question for future studies to determine whether there is an 2. 
ethanolamine phosphokinase to be found with an affinity for ethanolamine 
comparable to that of choline phosphokinase for choline. : 
Evidence for the phosphorylation of choline by an enzyme of wide. 3 
occurrence serves to strengthen the hypothesis (7, 27) that the 6. 
7 
8. 
9 
10. 


spread 
phosphorylated derivatives of the nitrogenous bases (choline and ethanol. 
amine) are activated precursors of the respective phosphatides. Such 
view had been discouraged by the studies of Riley (28) with parenterally 
administered PM. labeled phosphorylcholine and similar studies of Chargaff 
and Keston (29) with phosphorylethanolamine in which these workers were 
led to conclude that the labeled compounds were not intermediates. Their 
results may now be reconsidered in the light of current information on the 
impermeability of cell membranes to most phosphorylated intermediates. 
The close structural relationship of ethanolamine and choline and of their 
phosphatides invites some further comment on phosphorylethanolamine. 
The natural occurrence of the latter was first observed by Outhouse (30) 
only in tumor tissue, but was later demonstrated by Colowick and Cori (31) 
in normal intestine and by Awapara et al. and other workers (32-34) ina 
variety of normal tissues. Most recently Ansell and Dawson (33) reported 
the conversion of Pu. inorganic orthophosphate to phosphorylethanolamine 
by brain minces. The specific activity of the phosphorylethanolamine was 
4- to 13-fold greater than that of the ether-soluble phosphatide fraction. 
While their evidence failed to exclude the possibility that the phosphoryl- 
ethanolamine originated by hydrolysis of a precursor more highly labeled 
than an impure phosphatide fraction, it appears likely that a direct phos 
phorylation of ethanolamine is involved. 
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1. An enzyme has been purified from brewers’ yeast which catalyzes 
the following reaction: 


Choline + ATP — phosphorylcholine + ADP 


2. The enzyme preparation also catalyzes the phosphorylation of di- 
methyl- and diethylethanolamine, monomethyl- and monoethylethanol- 
amine, and ethanolamine. The relative rates of reaction and affinities of 
the enzyme for these substrates have been determined. 

3. The direct phosphorylation of choline by ATP has also been observed 
to occur in extracts of acetone powders of liver, brain, intestine, and kidney 
of several species. 
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THE EFFECT OF VITAMIN By ON THE LEVELS OF SOLUBLE 
SULFHYDRYL COMPOUNDS IN BLOOD 


By CHIUN T. LING ann BACON F. CHOW 


(From the Department of Biochemistry, School of Hygiene and Public Health, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, October 2, 1952) 


Our previous reports (1, 2) suggest that vitamin Bu is involved in 
carbohydrate or fat metabolism. In extending our studies on the metabolic 
role of this vitamin, we have been exploring its possible relationship to 
certain enzyme systems. Experimental evidence reported by Dubnoff 
(3-5) indicates that vitamin B, may act catalytically in maintaining sulf- 
hydryl compounds in the reduced state. Hence, it seems possible that a 
diminution in levels of sulfhydryl compounds in blood and tissues may 
occur in vitamin By deficiency, which could be corrected by the admini- 
stration of the vitamin. The importance of the soluble sulfhydryl com- 
pounds in relation to enzyme activity, cellular growth, detoxication, pro- 
tection against radiation injuries, and oxidation-reduction in the animal 
body has been recognized by numerous investigators and was discussed 
by Barron in his recent extensive reviews (6, 7). In this communication 
are presented the results of a study of the levels of soluble sulfhydryl 
compounds in the blood of vitamin B,.-deficient rats and their vitamin 
By-injected and normal controls, and of the blood sulfhydryl content of 
patients with pernicious anemia in relapse, before and after vitamin Bis 
treatment. For comparison, rats deficient in other hematopoietic agents 
were also tested for their sulfhydryl content in blood. 


EXPERIMENTAL 

Vilamin Bu. Deſicient Rats and Diets—Animals and diets used in these 
experiments were prepared in the same manner as those described in our 
previous paper (1). The young rats received Diet A and the adult rats 
Diet B ad libitum. All rats were housed in individual cages with raised 
screen bottoms. 

Studies on Patients with Pernicious Anemia—This investigation was car- 
ried out on patients with pernicious anemia at the Johns Hopkins Hospital 
and the Baltimore City Hospitals. All these subjects showed typical 
clinical symptoms and characteristic blood and bone marrow pictures, but 


* The authors acknowledge with thanks a grant-in-aid and the generous supply 
of special preparations from Mead Johnson and Company, Merck and Company, 
Ine., and The National Vitamin Foundation. 
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were, so far as could be determined, free from other diseases. Sulfhydry| 
content of the blood was determined prior to, and during the course of, 
vitamin Bu therapy, at first weekly and later biweekly or monthly. 

Amperometric Titration of Total Soluble Sulfhydryl Groups—Blood sam- 
ples of approximately 1.7 ml. each were obtained from the rats by cardiac 
puncture and immediately immersed in an ice and salt mixture contained 
in a Dewar flask. Heparin was used as anticoagulant for all blood sam- 
ples. The specimens were centrifuged in the cold room at 2500 r.p.m. 
for 7 minutes and the plasma siphoned and replaced with an equal volume 
of isotonic saline solution. The blood cells were resuspended by thorough 
mixing and hematocrit (per cent volume of packed blood cells) deter- 
mined in duplicate with Van Allen micro pipettes (8) after 1 hour’s cen- 
trifugation at 3000 r._p.m. A measured quantity (usually 1.5 to 2.0 ml) 
of the blood cell suspension was hemolyzed with 6 volumes of a 0.01 per 
cent saponin solution prepared with distilled water from an all-glass ap- 
paratus. 1 volume of a 25 per cent sulfosalicylic acid solution was added 
to precipitate the protein which was sedimented by centrifugation in the 
cold room. Duplicate aliquots of the supernatant fluid were used for 
the determination of the total soluble sulfhydryl groups by the ampero- 
metric titration method of Kolthoff and Harris (9) as modified by Benesch 
and Benesch (10, 11). Blood samples from human subjects were obtained 
by venipuncture. Usually 3 to 5 ml. of heparinized blood were taken 
before breakfast, whenever possible. However, numerous determinations 
indicate that ingestion of food did not have any influence on the soluble 
sulfhydryl content in the blood cells. The results are expressed as micro- 
moles (unt) of sulfhydryl groups per 100 ml. of blood cells so that the values 
will not be affected by the variation in the number of blood cells per 
volume. 

Titration of Sulfhydryl Groups of Plasma Proteins—This was performed 
. with 1.0 ml. of plasma in a 40 per cent aqueous methanol solution by the 
amperometric method according to the modification of Weissman et al. (12). 

Determination of Glutathione (GSH) in Blood Cells—It is well known that 
the chief soluble sulfhydryl compounds present in blood are glutathione 
and ergothioneine and that they are both confined to the intracellular 
fluid of the blood corpuscles. According to Williamson and Meldrum (13), 
ergothioneine does not give a nitroprusside reaction, and this observation 
was confirmed by the use of a pure ergothioneine standard! solution for 
this test. Since free cysteine is seldom found in blood cells to an appre- 
ciable amount, the GSH content of blood cells can be measured by the 
nitroprusside test in the protein-free filtrate of hemolyzed blood cells. 


1 The ergothioneine used for the standard was kindly supplied by Dr. G. Hunter 
and sent from England. 
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Heparinized blood samples were taken and the plasma replaced by an 
equal volume of isotonic saline solution, and the hematocrit value deter- 
mined as described above. Glutathione content was estimated in dup- 
licate aliquots of 0.5 ml. of blood cell suspension by the nitroprusside test 
as modified by Grunert and Phillips (14). All procedures were carried 
out at temperatures below 4°. The results are expressed as micromoles 
of GSH per 100 ml. of blood cells so that the concentration of several 
soluble sulfhydryl compounds can be compared without regard for dif- 
ference in molecular weight. (GSH mol. wt. = 307.3; I mg. = 3.25 um.) 

Estimation of Ergothioneine in Blood Cells—This was made by Hunter’s 
reaction according to his recent modification (15, 16). Heparinized blood 
samples were obtained and processed at temperatures below 4° in the same 
manner as those which were used for amperometric titration. Replace- 
ment of plasma with an equal volume of the saline solution minimizes 
interference by tyrosine, histidine, or cysteine, etc. An ergothioneine 
standard! was run at frequent intervals, and only samples which developed 
typical purplish red color were considered as ergothioneine and their con- 
centration estimated photometrically at 510 ma. The values are expressed 
as micromoles per 100 ml. of blood cells. (Mol. wt. = 229.2; 1 mg. = 
4.36 uM.) 

Folic Acid Deficiency in Rats—Twelve young male rats were fed a purified 
diet containing 22 per cent vitamin-free casein, 68 per cent sucrose, 5 per 
cent cottonseed oil, 4 per cent Salts IV, and 1 per cent sulfasuxidine with 
folic acid-free vitamin supplement for about 9 weeks until they developed 
diarrhea and leucopenia. They were housed in individual cages with 
raised screen bottoms and had free access to food and water. 

Iron Deficiency Anemia in Rats—Weanling rats were placed in enamel 
cages and maintained on a diet consisting of dried whole milk powder, 
Fe-free Salts IV, and vitamin supplement for approximately 5 months 
until they developed anemia. Hemoglobin was determined by the direct 
photometric procedure (17) which has been standardized with the mano- 
metric O: capacity method of Van Slyke and Neill (18). The controls 
were stock rats of the same age and sex. 


Results 


In Table I are presented the results of determinations of the levels of 
soluble sulfhydryl compounds in the blood cells of young and adult rats 
of vitamin Bi- deficient and vitamin Bu- treated groups as well as normal 
controls. It is seen that the vitamin B,,-deficient rats, both young and 
adult, had much lower soluble sulfhydryl compound content in the blood 


* Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 
138, 459 (1941). 


+ 
* 4 
*. 
* 
1 
* 
4 
* 
t 
a 
* 
4 
ry 
* 
2 
1 


448 EFFECT OF VITAMIN By 


cells than the normal or vitamin B,-treated controls. The hematocrit 
values of the deficient groups were consistently lower than either the 
vitamin Bu-treated or normal controls. However, the differences in he- 
matocrit values were not statistically significant. The injection of vita- 
min Bi: into deficient animals brought about marked rises in the levels of 


TABLE I 
Effect of Vitamin Bu on Soluble Sulfhydryl Content of Blood 


— 


Voung rats (35-40 Adult male rats (ca. 12 Young rats (43-90 
mos. old)“ days old)“ 


old) 
Vita- 
Vitamin | Vitamin cmt * 
Bu-de- Normal Burde- Normal Now 
trea ted ey in- 
No. of rats 5 „„en 
Final body weight (av- | 
erage), m.... 59 | 138 191 | 320 | 317 4 187 100 287 
Hematocrit (average), %. 36 38 40 48 16 46 13 12 
—SH groups per 100 ml. | 
blood cells (average + 75 | 318} 248123 206 194 129/117 22 
410.6 55) +204) +8.6 47.5 411 +22 +11 


S.e.m. = standard error of the mean. 
* Age at start of experiments. The experiment lasted for 5 weeks for the first 
series of young rats, 7 weeks for the adult rats, and 3 weeks for the last series of 


rats. 

t 9 mygm. of cobalt chloride injected subcutaneously per rat per day, 5 days 
per week for 3 weeks. 

t The higher sulfhydry] value in the vitamin B,:-treated group above the normal 
controls in the first series of young rats may be due to sex difference, since male 
rats had consistently lower —SH values than females and the normal group con- 
sisted only of males. The two females in the treated group had 316 and 475 pm, 
respectively, while the two males in the same group gave an average value close to 
the normal group. The deficient group had one male which gave the lowest value 
of 47 um while the four females ranged from 59 to 108 u. 


blood soluble sulfhydryl compounds of both age groups and an increase in 
the growth rate of the young animals. Statistically, the differences in 
the levels of soluble sulfhydryl compounds of blood between the deficient 
and the vitamin Bu- treated groups have a P value of less than 0.01 for 
the young rats and less than 0.001 for the adult rats. 

In Table I are presented data of an experiment in which one of the 
vitamin B,;-deficient groups of young rats was given a solution of cobalt 
chloride by subcutaneous injection. Here again the soluble sulfhydryl 
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content of the blood was significantly lower in vitamin Bu- deficient rats 
than in the normal controls. It is clear that administration of the in- 
organic cobalt compound resulted in no improvement in body weight gain 
and no significant change in levels of sulfhydryl compounds of the blood. 
Efforts were made to ascertain whether the decrease in soluble sulfhydryl 
content of the blood is a common phenomenon associated also with defi- 
ciencies of hematopoietic agents and may likewise occur in conditions such 
as folic acid or iron deficiencies. To this end, folic acid-deficient and iron- 
deficient animals were prepared as described in the experimental section. 
After the development of folic acid deficiency the rats were divided ran- 
domly into two groups. One group of the deficient animals was injected 


Taste II 
Blood Sulfhydryl Content of Folie Acid-Deficient and Treated Rats 
Folic scid- | Folic acid- 
deficient treated 


Body weight, average Wan. n 224 207° 
White blood ool count per c.mm. (Jan. 17, 19527 10,980 10,930° 
Hematocrit, „%%ͤöĩXĩ700—Bſ | 39 411 
* Before folic acid injections. 
After folic acid injections. 


subcutaneously with folic acid,“ 1.0 mg. per rat per day for 12 days. The 
results are shown in Table II. The leucocyte count of the folic acid-treated 
group increased to approximately twice the value before treatment, whereas 
that of the untreated group remained unchanged. Examination of the 
soluble sulfhydryl compound content of the blood shows that there was no 
decrease among the folic acid-deficient rats as compared to that of the 
treated group in which the deficiency was reversed by the administration 
of the vitamin. 

Table III contains the data of two groups of iron-deficient rats and their 
normal controls. Both deficient groups had considerably lower hemoglobin 
content of the blood as well as of their total circulating hemoglobin com- 
pared to those of the normal group. To test the response to iron therapy, 
one group of the deficient animals was treated with a commercial iron 


*Folvite ampules were kindly furnished by the Lederle Laboratories Division of 
the American Cyanamid Company. 
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preparation‘ containing 0.5 mg. of iron per ml. in the form of ferrous sul- 
fate. Each animal in this group was fed 1 ml. of the iron solution daily 
by stomach tube for 3 weeks. Feeding of iron in this form rapidly and 
effectively brought about an increase in body weight from an average of 
214 to 259 gm. and in total circulating hemoglobin from 0.84 to 2.34 gm. 
However, determination of the soluble sulfhydryl compound content in the 
blood showed no significant difference between the untreated iron-deficient 
rats and the normal controls of the same sex and comparable age. These 
data taken as a whole, therefore, demonstrate that the decrease in the sol- 
uble sulfhydryl levels in the blood cells in vitamin By deficiency is 2 
phenomenon not shared by other hematopoietic disturbances due to iron 
or folic acid deficiencies. 

The pernicious anemia in humans is commonly considered as a manifes- 
tation of vitamin Bi deficiency. It is, therefore, of great interest to 


Taste III 
Blood Sulfhydryl Content of Iron-Deficient and Control Rats 
Fe-deficient | Normal Fe-treated 

ccc | 4 4 5 
Body weight, final (average), gm......... 183 2 8.7 253 + 9.3 250 + 22 
———u— oe 10.2 + 0.36 14.7 + 0.30 13.44 0.2% 
, - . $2.5 + 0.50 44.0 + 0.54 
Soluble —SH groups per 100 ml. blood 
1 r. 102 + 5.7 200 + 7.3 


ascertain whether changes in the levels of soluble sulfhydryl compounds in 
blood also occur in patients with this disease before and after treatment 
with vitamin Biz. The results of such a study are presented in Table IV 
and Fig. 1. They demonstrate in each instance that the levels of soluble 
sulfhydryl compounds in blood cells were low while this disease was in 
relapse, and increased along with favorable hematological and clinical re 
sponses to vitamin Biz therapy. The increment in levels of soluble sull- 
hydryl compounds in blood cells following vitamin Bu administration is 
characterized by an “overshoot” beyond the normal level before returning 
to a stabilized level as shown in Fig. 1. This is true in most of the per- 
nicious anemia cases studied in which it was possible to observe the patients 
for a sufficient length of time. 

Our data show that the sulfhydryl group content of the plasma in per- 
nicious anemia has not been altered appreciably from the normal values 


‘ Fer-in-sol was generously supplied by Mead Johnson and Company. 
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reported by Weissman et al. (12) and was not affected by vitamin By 
therapy. 

Since the chief soluble sulfhydryl compounds normally present in blood 
are glutathione and ergothioneine, a study was undertaken to ascertain 


Taste IV 
Effect of Vitamin Bu on Sulfhydryl Content of Blood in Pernicious Anemia 
| | | Soluble —SH per 100 ml. 
| | blood cells —SH 
| | | Total Glutathione Eigene — 
| (6) W | @ 
Mr. II. J.; age, 63 yrs. 
1981 mg. percent ber cl, | 
20 34.0 135 42 
3.0 | 
2.0 184 51 
1.8 | 
“0 | 3.4 | | 
38.0 179 178 > | 
0.6 37.0 200 190 2 
Oct. 1 | 38.0 192 190 18 
* 9 1 66 1.3 38.0 201 205 23 49 
22 39.0 220 | 219 46 
* 2 | ge 40.0 | 225 | 45 
“2 | | 42.0 226 50 
Nov. 19 40.0 252 44 
Dec. 3 0.5 38.0 226 47 
“10 | | 0.5 38.0 222 ) 60 
Mr. F. G.; age, 56 yrs 
Sept.1 | 2.0 | 17.0 | 165 | 11 8 
“ 1 3.0 | 
1 18.1 18.9 | 
6 29.2 22.0 
“ 9 25.6 24.6 
“ 8 23.5 24.5 185 24 | 52 
“ 10 6.5 28.3 | 
“ 11 8.8 28.9 | 
“ 17 04 33.0 194 191 7 80 
„ 26 | 3.0 | | | | 
Oct. 3 238.0 18 | 1899 26 651 
10 40.0 215 2 2 
* 1 39.0 80 
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Soluble groupe per 100 ml. | 
Date Vitamin Bu Reticulocytes Hematocrit __ per 100 at 
| | Total [Glutathione 
| © (8) 
Mrs. A. 1. .; age, 45 yrs. 
Jan. 23 3.4 30.0 117 60 
0.005 | 
29 3.0 2.0 28.0 | 
3.8 32.0 
Feb. 1 11.9 32.0 | 
“ 2 19.0 33.0 | | 
13.6 33.6 | | 
8.0 35.8 135 
* 286 38.0 181 | 63 
Mar. 26 2.0 36.0 250 E 
Apr. 38 1.0 
May 21 1.0 | 
June 18 1.0 39.0 | 210 i 
* All vitamin Biz given orally. 2 
which one or whether both of these compounds are responsible for the 


decrease in soluble sulfhydryl groups associated with vitamin By defi- 
ciency and its subsequent rise upon treatment with this vitamin. The 
results of such an investigation are included in Table IV. The data demon- 
strate that the total sulfhydryl groups (Column 5) titrated by the ampero- 
metric method can be accounted for by the glutathione values (Column 6) 
measured by the nitroprusside test, within the limit of our experimental 
errors. Furthermore, ergothioneine added to the blood samples cannot 
be detected amperometrically, while 93 to 97 per cent of the added gluta- 
thione was recovered by the same method. From these data it seems 
reasonable to conclude that the changes in soluble sulfhydryl content 
in blood corpuscles found in pernicious anemia, before and after vitamin By 
therapy, reflect primarily the changes in glutathione levels. This con- 
clusion is based on data from only two cases but it is borne out consistently 
in more than eight simultaneous determinations of the total sulfhydryl 
groups, glutathione and ergothioneine. 

In both cases examined, the initial ergothioneine content of the blood 
was low (16 u = 3.7 mg. or less) when compared with the average normal 
value of 9.6 + 0.32 mg. (42 um) per 100 ml. of blood cells reported by Fraser 
(19). Both patients studied showed some increases following vitamin By 
therapy. 
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Fic. 1. The effect of vitamin Bu therapy on the soluble sulfhydryl compound 
level in blood cells in vitamin Bu deficiency in human subject (girl, V. S.). This 
case was treated with vitamin Bi by intramuscular injection and her blood sulf- 
bydry! levels measured for a period of 5 months. During relapse, her bone marrow 
showed typical megaloblastic dysplasia and, on two occasions, she even had megalo- 
blasts in the peripheral blood. She gave good hematopoietic responses to either 
vitamin Bu or liver extract therapy, but not to folie acid treatment. Without regu- 
lar parenteral doses of vitamin Bu or liver extract, relapses invariably occurred. 
Thus, there is no doubt that this is a case of vitamin Bu deficiency. 


DISCUSSION 

The results of this investigation indicate that vitamin Bu deficiency in 
rats caused a marked diminution of soluble sulfhydryl compound content 
in blood cells; a similar abnormality was also observed in patients with 
pernicious anemia in relapse. Administration of vitamin By to either de- 
ficient rats or patients with pernicious anemia was followed by a significant 
tise in the levels of soluble sulfhydryl compounds of the blood which 
eventually became stabilized at a level comparable to those of healthy 
individuals. In patients with pernicious anemia the “overshoot” phenome- 
non (Fig. 1) in the soluble sulfhydry] curve of blood cells during the recovery 
with vitamin By therapy suggests that a revival of the formative mecha- 
nism took place within the body. Hence, the low value observed in the 
deficiency state may also involve derangement in the productive capacity 
of the soluble sulfhydryl compounds. However, an increased destruction 
due to oxidation or conjugation with an abnormal metabolite produced 
in the deficiency state cannot be ruled out completely. 

The data in Table IV also indicate that the changes in levels of soluble 
sulfhydryl compounds in blood in vitamin Bi deficiency and their increase 
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following administration of the vitamin are chiefly due to glutathione. 
Ergothioneine content of the blood may show similar changes, but its 
concentration constitutes only about 10 per cent of the total soluble —SH 
values and is not measured by amperometric titration. The normal GSH 
content in human blood was reported by Benedict and Gottschall (20) as 
averaging 35 mg. (114 um) per 100 ml. of whole blood, which with an aver. 
age hematocrit value of 45 per cent would amount to 250 um per 100 ml. of 
blood cells. Our limited number of determinations on healthy individuals 
ranged between 220 to 270 um per 100 ml. of blood cells which is in ac. 
cord with the above value. It is evident that in all cases of pernicious 
anemia studied the glutathione content of the blood returned to nor. 
malcy following vitamin B, therapy. 

It is noteworthy that, in folic acid hypovitaminosis or anemia due to iron 
deficiency, the soluble sulfhydryl] levels in blood were essentially unaltered. 
These facts may be useful in clinical diagnosis of megaloblastic macrocytie 
anemias in differentiating between vitamin Bis and folic acid deficiencies. 
Although decrease in blood glutathione may also occur in certain other 
conditions such as potassium or sodium deficiency (21), diabetes, and 
some chronic infections, these conditions can be easily differentiated from 
vitamin Bu deficiency by well accepted clinical laboratory tests. Al. 
though very little is known about the function of ergothioneine, recent 
experiments of Spicer ef al. (22) suggest that it may be concerned in some 
detoxication reaction or has a regulatory effect on the oxidation-reduction 
system. Attempts by several British workers (23, 24) to demonstrate the 
antithyroid activity of this substance gave conflicting results. 

A large number of enzymes involved in carbohydrate and lipide me- 
tabolism are sulfhydryl enzymes which tend to lose their activity by the 
action of oxidizing agents produced in the tissue during metabolic proc- 
esses. It is postulated that one of the important functions of GSH is the 
reactivation of sulfhydryl enzymes in the maintenance of their activity 
(7). More recently Krimsky and Racker reported that glutathione is 
a prosthetic group of glyceraldehyde-3-phosphate dehydrogenase which 
forms thiol] esters in the oxidation of several aldehydes (25, 26). There 
is reason to believe that glutathione may also have a protective effect on 
coenzyme A and the §-cells of the pancreas (27, 7); both of these have 
a role in carbohydrate and lipide metabolism. All the above facts sug- 
gest that the diminution in blood glutathione concentration in vitamin 
Bu deficiency may entail derangement in carbohydrate or lipide metabo 
lism 


The important part sulfhydryl compounds play in cellular growth has 
been demonstrated by Rapkine (28, 29) in his experiments with sea urchin 
eggs. Murray (30) and Yaoi (31) measured the glutathione content in de 
veloping chick embryos and concluded that sulfhydryl compounds are con- 
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cerned with cellular proliferation and growth. Delrue and Vischer (32) ob- 
served that blood GSH content increased at high altitudes, a change which 
was associated with the increased production of red blood cells. Hence, 
it is probable that the maintenance of the sulfhydryl concentration may be 
an important factor through which vitamin Bis functions in promoting 
growth of young animals and regeneration of blood cells. Such effects 
may be explainable. on the basis of better utilization of carbohydrates 
through the activation of sulfhydryl enzymes, and consequently a more 
abundant supply of energy and building materials for the synthesis of 
cellular constituents. 


Studies were conducted to determine the effect of vitamin By on the 
levels of sulfhydryl compounds in blood of rats and of patients with per- 

It was found that vitamin Bi deficiency in rats, as well as in patients 
with pernicious anemia, resulted in a marked diminution of the levels of 
soluble sulfhydryl compounds in blood which rose again upon the ad- 
ministration of the vitamin. Sulfhydryl groups of plasma proteins were 
not affected by the deficiency or administration of vitamin By. 

The changes in blood sulfhydryl levels were primarily due to those 
in the concentration of glutathione. Ergothioneine levels in the blood 
also showed some fluctuation prior to and following vitamin B, therapy, 
but this change constituted only about 10 per cent of the total values. 

Folic acid or iron deficiencies did not alter the levels of soluble sulfhydryl 


compounds in the blood. 


The authors express profound appreciation to Dr. C. L. Conley, Dr. 
J. R. Krevans, and Dr. L. Finberg for their kind cooperation which made 
possible the clinical studies reported here. 
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Various methods for the paper chromatography of steroids have recently 
been reviewed by Block, LeStrange, and Zweig (1). The paper partition 
system of Zaffaroni, Burton, and Keutmann (2, 3), originally designed for 
the chromatographic separation of corticosteroids, consisted of toluene (or 
benzene) as the mobile solvent phase and propylene glycol (or formamide) 
as the stationary phase. Modifications have been made to deal with ster- 


dids and steroid derivatives which move more rapidly (less polar) or more 


slowly (more polar) than corticosteroids in the above solvents by varying 
the polarity of either of the two solvent phases of the original systems. 
The system heptane-ethylene glycol monophenyl ether has been successfully 
applied to the separation of the very fast moving derivatives of cholesterol 
(4), mixtures of benzene and chloroform-formamide to the separation of 
the slowly moving cardiac glycosides and aglycones (5), and the system 
ligroin or methyl cyclohexane-propylene glycol has been used successfully 
in the separation of the fast moving corticosteroid acetates and certain 
testosterone derivatives.“ Although preliminary reports have dealt with 
the separation of steroids in the Cis and Cu (21-desoxy) series in modified 
solvent systems of the above type (6-8), an insufficient number of com- 
pounds were studied to establish the reliability of any one system. It 
is the purpose of this paper to enlarge upon one of the above studies (6) 
and to present the rather wide applicability of the solvent system ligroin (or 
hexane, heptane)-propylene glycol to the resolution of ketosteroids of the 
Cy and Cy series of a wide range of mobilities (polarities). This com- 
munication presents correlations between chromatographic mobilities and 
steroid structures which are of practical and theoretical interest and also 
deseribes the application of the partition system to the resolution of some 
naturally occurring mixtures of ketosteroids. 


Supported in part by contract No. DA-49-007-170-184, Medical Research and 
Development Board, Office of the Surgeon General, Department of the Army. 
E. M. Richardson, unpublished data. 
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CHROMATOGRAPHY OF KETOSTEROIDS 


Methods 


The apparatus and procedures originally described (2, 3) have not been 
greatly modified. Dried filter paper sheets (Whatman No. 1, 22 x 6 
inches), previously extracted in a Soxhlet apparatus with alcohol and 
benzene, were cut into 1 X 45 cm. strips attached at the upper end to a com. 
mon base, as previously outlined (3). Approximately 10 to 100 + of ster. 
oids, depending upon the amount required for the subsequent color test, 
were applied to the 1 cm. paper strip. In seeking traces of secondary com- 
ponents, higher amounts (up to 1 mg.) were applied without seriously dis- 
torting the ensuing chromatogram. For mixtures, it was usual to apply 
0.5 to 1.5 mg. of the ketosteroid mixture and, when larger amounts were 
to be chromatographed, wider sheets (up to 16 cm.) were used to accommo- 
date as much as 30 to 40 mg. Distortion occurred only when the final 
concentration (after chromatography) exceeded 1 mg. per sq. cm. for any 
single component. 

The prepared chromatogram strips were impregnated with the stationary 
solvent (propylene glycol or ethylene glycol phenyl ether) by dipping in a 
freshly prepared 50 per cent solution in methanol and removing the excess 
by blotting. A serious factor influencing mobilities of the steroids (but 
not R values) was the amount of stationary solvent left in the paper 
strips. In order to minimize this effect the blotted strips were left between 
the sheets of blotting paper with only the upper end and starting lines 
projecting during the ensuing operation. The steroids (or mixtures) dis 
solved in benzene or methanol were applied to the strips in small volumes 
with the aid of a current of air. The latter solvent was preferred because 
of its tendency to sweep away the miscible glycol as the steroid solutions 
were applied; spreading of the zone later became reduced by the back- 
surge of the glycol after the methanol had evaporated. The paper strips 
were hung in cylindrical chambers (12 inches wide, 24 inches high) in the 
prescribed fashion (3). They were held in place in the solvent reservoir 
between two glass plates which projected beyond the edge of the reservoir 
and were so adjusted that the starting line was located about 1 to 1.5 cm. 
beyond the outer edge of the supporting glass plates. After addition of 
the solvent (ligroin, etc.) to the reservoir, a capillary space was provided 
between the glass plates by means of which the solvent was raised over the 
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wick“ base of the paper to within a cm. or so of the starting line in a matter 


of a few seconds. This slight innovation substantially reduced the vari- 
tions in running times caused by different volumes of solvent in the reser- 
voir (3). 

After the necessary period of time for chromatography, which varied 
according to the individual ketosteroids being studied (see Tables II and 
III), the papers were removed from the chambers and suspended in 3 
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current of air and allowed to dry. Small strips, about 0.3 em., were cut 
from the edge of each and exposed to one or more reagents. 

The volatile solvents used as the mobile phases were of “chemically 
pure grade and were distilled; propylene glycol and ethylene glycol phenyl 
ether were distilled in vacuo when purified grades were not available. 

Color Reactions Color reactions on filter paper for the steroids have been 
reviewed (1). Those most useful in this study were (a) silver diamine solu- 
tion and (b) alkaline triphenyltetrazolium reagent for the a-ketol side 
chain of the corticosteroids, (e) dinitrophenylhydrazine in & hydrochloric 
acid, particularly for the a,8-unsaturated ketosteroids (3), and (d) a modi- 
fication (9) of the Zimmermann reaction. This latter“ consisted in im- 
mersing the paper strip in a 2.5 N solution of potassium hydroxide in 
ethyl alcohol (freshly prepared), removing the excess reagent by thorough 
blotting, dipping the strip in a 2 per cent solution of m-dinitrobenzene in 
ethyl alcohol, and again blotting off the excess reagent; the colors were 
quickly developed by gentle warming (65°) of the strip. This reaction 
gave an intense violet color with the 17-ketosteroids, permitting the visual- 
ization of 5 to 10 y after chromatography on the usual 1 cm. strip. Blue- 
violet colors were given by 3-ketosteroids at similar concentrations, while 
the 20-ketosteroids gave brown-purple colors of much lower intensity. 
a,8-Unsaturated ketosteroids gave orange-red colors with dinitrophenyl- 
hydrazine which could be readily distinguished from the yellow derivatives 
of the saturated ketones; the intensities were such that at least 25 y of 
steroid per 1 cm. strip after chromatography were necessary. More sensi- 
tive for locating the a ,8-unsaturated ketones (5 v or less) was the scanning 
of the paper strip with a source of ultraviolet light,“ whereby the a, fi · un- 
saturated ketosteroids were delineated as dark areas against the purple 
fuorescing background of the paper. 


Procedure and Results 


Measurement of Steroid M obilities—A manner of expressing the chromato- 
graphic mobility of a compound in a particular solvent system was provided 
by Consden, Gordon, and Martin (10) in their original work on amino acids. 
This was the term R, which was derived from the ratio of the distance 
traversed by the compound to that simultaneously traversed by the sol- 
vent front. Recently a modified expression of mobility (Ne) was proposed 
in the chromatography of sugars, where Ro is the ratio of the distance tra- 
versed by an unknown to that traversed by glucose in the same chromato- 
gram (11). Neither of these terms is utilizable in the chromatography of 
steroids because (a) the solvent front has long traversed the paper strip 


H. Rosenkrantz, personal communication. 
*Ultra-Violet Products, Inc., South Pasadena, California. 
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460 CHROMATOGRAPHY OF KETOSTEROIDS 
before the steroids have begun to move and (b) no single reference steroid 
could be satisfactorily employed because of the broad range of mobilities 
encountered in the series of compounds studied. 

For various reasons outlined in greater detail below, it has been con. 
sidered convenient to express steroid mobilities on paper chromatograms as 
a function of distance traveled in unit time (in cm. per hour). To effect 
this, two primary ketosteroid standards were chosen for all comparisons 
with other steroids in this study. The first, androsterone, was found to 
move in the ligroin-propylene glycol system at the approximate rate of 
1 cm. per hour over a range of time intervals of from 5 to 45 hours. The 
variation in absolute mobilities in twenty-four determinations was from 
0.86 to 1.12 cm. per hour under conditions in which no attempt was made 
to maintain a constant temperature. The only precautions taken in this 
regard were that all chromatographic chambers were kept in an interior 
room without windows, which was free from air drafts and in which the 
heating system was shut off. The second standard chosen, /18-hydrozy- 
androsterone, moved in the same solvent system at the approximate rate of 
0.1 cm. per hour; in ten determinations of from 15 to 95 hour intervals, the 
variation in absolute mobility was 0.086 to 0.152 cm. per hour. Although 
temperatures were not recorded during these studies, it was observed that 
over-all increases in mobility as high as 15 per cent occurred when the 
temperature rose to excessive levels (10° and 13° above normal). It was 
the rule that one of these two standards was included in all chromatograms 
in which the mobilities of other ketosteroids were determined. In this 
manner it was possible, by having present at all times a standard reference 
compound, to reduce to a minimum the effects on the expression of mobili- 
ties of such difficultly controllable factors as constancy of temperature 
(from one chromatogram to another), degree of saturation of the paper 
with the stationary solvent phase, and the degree of saturation of the 
chromatography chamber with vapors of the volatile mobile solvent phase. 
By this means distorted mobilities (which for single compounds and min- 
tures varied as much as 25 per cent in extreme cases) have been corrected 
into intercomparable values, which when expressed as relative mobilities 
(N r, see below) have not varied more than +8 per cent. 

Relative mobility of each steroid was established by measuring the dis- 
tance in cm. from the starting line to the center of each steroid zone and 
relating this value to that of the standard ketosteroid run concurrently 
with it. Relative mobility, or N, was calculated from the following 
formula, 


movement of unknown steroid 


movement of standard rate of movement of standard = Da XX. 


Rr 


where D, = the distance traversed by the steroid of unknown mobility, 
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D., = the distance traversed concurrently by the standard, and K.. = the 
rate of movement of the standard in cm. per hour in the same solvent sys- 
tem at room temperature. By means of this expression, it has been possible, 
by establishing with some care the rate of mobility (K.) of only two 
standard reference compounds, to compile a listing of some 50 ketosteroids 
in order of their chromatographic sequence, and to assign to each compound 
a value of Nr which approximates its rate of movement in the solvent sys- 
tem ligroin-propylene glycol. 

As a matter of practical utility the term N should prove convenient in 
expressing the chromatographic properties of steroids in various solvent 
systems by providing an immediate indication of the time needed to ad- 
vance a compound to a given position on a paper strip. From data already 
in the literature (3-5) it should be quite feasible to compute the N, values 
of cholesterol and derivatives, corticosteroids, and cardiac aglycones, etc., 
once the rate of movement (K.,) of suitably chosen standards has been 
determined. 

Solvent Systems—Preliminarily to the main study, a number of solvent 
systems were tried in an effort to determine their properties as regards the 
mobilities of a few selected ketosteroids. The values listed in Table I 
are the result of single or duplicate measurements of distance in cm. 
traveled per hour (not Re), and in a cursory way show the general similari- 
ties of ligroin, cyclohexane, methylcyclohexane, heptane, and when em- 
ployed as mobile phases in the partition systems. These are in contrast 
to the very high mobilities of the steroids in toluene or benzene. The 
sowing of the rates of movement when propylene glycol was replaced by 
ethylene glycol phenyl ether as the stationary phase indicates the value 
of the latter in the chromatography of the rapidly moving monooxysteroids 
and the 17-ketosteroid acetates (4). 

Ligroin was therefore the favored solvent for reasons of its ready avail- 
ability and cost, despite the slightly slower properties of heptane (15 to 30 
per cent decrease in steroid mobilities as compared to ligroin). Ranges 
of boiling point of ligroin (65-1150 had little effect upon the absolute mo- 
bilities of the ketosteroids; what little differences existed were well within 
the range of variations imposed by the conditions inherent in the technique. 

Chromatographic Sequence of Kelosteroids Tables II and III were pre- 
pared by listing separately the 8-ketosteroids (those precipitated by digi- 
tonin) and the a-ketosteroids (those not precipitated by digitonin) in 
decreasing order of their Rr values and hence in the order of their appear- 
ance on a chromatographic strip. The division into g- and a-ketosteroids 
was deemed necessary for chromatographic reasons which will be discussed 
below and because of the general use of digitonin in the usual preparation 
of steroid extracts. Listed also are the colors given by each steroid when 
exposed to the three color reactions generally employed in this study. 
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462 CHROMATOGRAPHY OF KETOSTEROIDS 
The Ry values in Tables II and III are the averages of at least two 
determinations for each compound obtained by concurrent chromatography 
with one of the two standard reference compounds. The variation of R, 
for each compound was found to be not greater than +8 per cent of that 


listed in Tables II and III. 
It will be noted that there occur several groups of ketosteroids whose 


relative mobilities are very similar. When R/ values of compounds likely 
to occur together (as in urines, etc.) were found to be within 25 per cent 


| 
Mobilities of Ketosteroids in Various Solvent Systems 
The results are expressed in cm. per hour. 


Partition systems 

A* 8. Androsten one 9.2 | | 1.15 
6.0 | 0.48 
Androstanedione................... 2.6 | 2.1 7.0 12.5 0.1 
A‘-Androstenedione................ 1.7 1.8 10.0 12.0 
Androsteronene 1.00 1.00 0.20 0.12 
Epiandroster one 0.67 0.84 0.14 
Dehydroepiandrosterone........... 0.62 0.67 0.14 
˙A˙⁰ĩ 0.30 0.30 4.1 6.5 
68-Hydroxyandrostenedione...... .. 0.09 3.4 5.6 | 
Androsterone acetate............... 2.6 | | 0. 
Epiandrosterone acet ate 2.0 | | | 0.2 


or so of each other, the compounds were again chromatographed, this 
time as mixtures on the same paper strip. These second values (listed as 
“displaced R') provide an even more careful estimation of the mobility 
sequence of these compounds. Under these conditions of mixed chrom» 
tography, effects reminiscent of displacement chromatography occurred 
(see Figs. 1 and 2), whereby the faster moving compounds moved even 
faster than the R would have indicated. This displacement effect (which 
seemed to be associated only with the ligroin-propylene glycol system) 
was even more pronounced when steroid mixtures from natural extracts 
were chromatographed, and could be attributed in some instances to greater 
concentrations of the slower moving components as well as to non-steroid 
material often present in natural extracts. This apparent distortion in no 
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way impaired the separation of the steroids and actually resulted in better 
resolutions (see Fig. 4). In other instances of compounds with similar 
Rr, mixed chromatography did not result in separation of the components 
on paper. When two or more steroids did not resolve into distinct zones, 
they are enclosed in braces in Table III and are given the same Nr value. 
When it could be found, an alternative solvent system effective in separat- 
ing them is provided. 

It was observed that poor resolution, if any at all, occurred when steroids 
possessing Aer values greater than 2.0 were run as mixtures. Under such 
circumstances the compounds traversed the length of the paper strip as a 


Taste II 
Relative Mobilities (Rr) of 8-Ketosteroids in Ligroin-Propylene Glycol 

| | No. of | Color reactions 

co on Ag bern Zimm. 

| 

V | | 19 1 2 0. 060 — - x. 
U Pregnane-38, - diol O- one 2112 0.4 | Y. | Br. 
Pregnene 30, 21 -diol-20-one | 03% + Bl. 
— 
Epiandrosterone | 21111155 | ol 
III | Etiocholan-38-ol-17-one 1 1 „ 
m 0. one Y. | Br. 


phenylhydrazine; Zimm. = modified Zimmermann reagent; V. = yellow; Bl. = blue; 
Br. = brown; V. = violet. 


single zone before separation could take place. Otherwise, no rigid rule 
could be drawn from this study, which would define the minimal dif- 
ferences in Ny necessary for chromatographic resolution. Separation of 
tones between any two compounds in the ligroin-propylene glycol system 
appeared to be distinct and unequivocal, or else it did not occur at all. 
Steroids run concurrently on separate strips often showed enough dif- 
ferences in Ry so that resolution on a single strip could be expected. Ex- 
amples of this are the mobilities of androsterone (N 1.00), etiocholan- 
Ja-0l-17-one (Rr 0.70), and 11-ketoandrosterone (Rr 0.30). These when 
run in mixtures were well differentiated (Fig. 4). On the other hand, 
compounds such as desoxycorticosterone, epitestosterone, adrenosterone, 
and testosterone all showed mobilities within a 15 per cent range (Rr 0.39 
+ 0.06). These when chromatographed together on a single strip sepa- 
rated into distinct zones as shown by the “displaced Rr” values in Table 


The following abbreviations are used: Ag = silver diamine; DNPH = dinitro- 7 
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464 CHROMATOGRAPHY OF KETOSTEROIDS 
Tas.e III 
Relative Mobilities (Rr) of a-Ketosteroids in Ligroin-Propylene Glycol 
No. of | | Colot reactions 
Goss Compounds | R | E. 7 
| 2 q 7 | | | 
V 6a-Hydroxy-11-desoxycor- | 21 2 2 0.008 0 n. + Red BI 
| ticosterone | | 
68-Hydroxy-11-desoxycor- he 2 2 0.016 
ticosterone me | | 
IV A*-Androsten-6a-ol-3 , 17- | 19 2 1 0.024 0.80! V. 
| dione 1 | 
Corticosterone 212 2 0.025, 0.027, 1.000 + “ Bl. 
IV 6a-Hydroxyprogesterone 21 21 | 0.028 0.033 
11-Desoxy-17a-hydroxy- 21 2 2 0.020 0. 0.83 W “ 
corticosterone | | | 
IV| 2 Androsten-14a-ol-3, 17. 19 2 1 0.039 IV. 
dione | | | 
17-one | 
21-Desoxycortisone 21 3 1 0.061 2.00˙ — Red BI. 
II Dœhydrocortieosterone 21 3 1 0.074 346 | 
IV lla-Hydroxyprogesterone 212! 0.079 2.54%, “ | BLY. 
IV A‘-Androsten-68-0l-3,17- 19 2) 1 0.080 0 
dione 
v Pregnane-3a, 17a-diol -20- 21 1 2 0. . | Be. 
one 
Androstane-3a, 118-diol- 19 1 2 3.60% — V. 
VII 17-one 0.10 | 0.10 
A‘-Androsten-118-ol-3,17- 1 211 | 4.60 —| Red | .- V. 
dione 
III A'+-Androstadien-176-ol- 19 11 0.12 —1 * 
3-one 
IV 66-Hydroxyprogesterone 2112 1 | 0.14 | 0.15 
IV Androstan-118-ol-3,17- 19 2 1 | 0.17 — V. 
dione 
IV 118-Hydroxyprogesterone | 21 2 1 | 0.20 | 0.22 —| Red BI. 
III A‘-Pregnen-20a-ol-3-one 21. 1 1 0.24 
IV Etiocholan-3a-ol-11,17- 19 2 1 | 0.26 -| — | V. 
dione 1 | 
IV, 17a-Hydroxyprogesterone 1 2 1 0.28 0.28 = ml. 
IV, Androstan-3a-ol-11,17- 10 2 1 00 | i-| - 
dione | | | | | | 
III Testosterone 10 11 0.33 0.36 = Red | BL. 
IV Adrenosterone | 19 3 0.36 0.41 P 
III Epitestosterone 10 1 1 0.40 | 0.56 422 
Iv Desoxyeortieosterone 21 2 1 0.45 0.60 6 60 + “ Hl. 
2 0.62 11 
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Dis- Other 
2 Compound | — pe | placed 
an | | Rr | 
5 | T | Ag | DNPH/| Zimm. 
— — — 
10 1 | 1) 
Etiocholan-3a-ol-17-one 19 1 | 1} 0.70 | 0.70 -| — | 
| Etiocholan-178-ol-3-one — 1 1 — II. 
- Androsten- a- ol-17-one 19 1 1 |V. 
10 1 af) 100 1.00 — 
0 Allopregnan-21-ol-3,20- 21 2 1 1.00 1.00 ＋ v. | Br. 
dione 
III Pregnan-3a-ol-20-one 21 1 111.30 — 
III) Allopregnan-3a-ol-20-one 111.0 |« 
III i-Androstanolone 19 1 1 1.5 — 
II At-Androstene-3,17-dione 19 2 | 1.7 | —!| Red | BI.-V. 
II 4'-Androstene-3,17-dione 19 2 | 2.0 | « 
II A'*-Dehydroprogesterone 21 2 2.3 | 2.3 | — III. 
II Progesterone 21 2 2.3 2.4 — “ | BL-V 
19 2), 23 2.5 9.13 V. 
\Androstane-3,17-dione 19 2 0.130 
U Pregnane-3, 0-dione 21 2 3.0 3.0 0.1610 — “ Bl. 
Allopregnane-3,20-dione 21 27 0.16 
I A‘*-Androstadien-3-one 19 1 | 6.0 0.48t, — Red | “ 
{4*-38-Chloroandrosten-17- 19 1 *. 0.838 — 
I; one | 9.0 
* Androsten-I7-one 191 9.2 1.11 
I A‘'-Cholesten-3-one 27 1 9.5 | | — Red 


The following abbreviations are used: Ag = silver diamine reaction; DNPH = 
dinitrophenylhydrazine; Zimm. = modified Zimmermann reagent; Bl. = blue; 
Br. = brown; Y. = Yellow; V. = violet. 

* In toluene-propylene glycol. 

t In heptane-ethylene glycol phenyl ether. 


III. In contrast, certain other steroid pairs (e.g., pregnan-38-ol-20-one 
and A*-pregnen-38-ol-20-one or 118-hydroxyandrosterone and A‘-andros- 
sten-118-ol-3 ,17-dione) on separate strips have shown differences in mo- 
bility suggesting that separation might occur. Nevertheless when chro- 
matographed as admixtures, these pairs and others (listed in Tables II 
and III in braces) behaved as single steroid zones and underwent no 
resolution. In these instances, such compound steroid zones could occa- 
sionally be recognized by exposure of the paper strip to several color re- 
agents. 

While detailed discussion of the separation of individual ketosteroids 
will be presented below, it is to be noted that the chromatographic se- 
quences indicated by the Ry tables were at all times reproducible under nor- 
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mal laboratory conditions. No circumstances have been observed wherein 
the order of mobilities became reversed in the same solvent system. 

Examination of Tables II and III reveals the broad applicability of 
this solvent system to the large number of naturally occurring ketoster. 
oids usually encountered in urine and other biological material. Broadly 
viewed, the steroids were readily resolved in ligroin-propylene glycol and 
ranged from the fast moving steroids of low polarity possessing a single 
oxygen function to the relatively polar members of the more highly oxy. 
genated corticosteroids. Because of the number studied and the wide 
range of mobilities which they possess, the ketosteroids have been divided 
into five broad classes. These are discussed below in the order of decreas. 
ing mobilities. 

Class I (Monoketo- and Monohydroxysteroids) This group of steroids, 
having R values in ligroin-propylene glycol greater than 3.0, moved too 
rapidly for effective resolution. The solvent system of heptane-ethylene 
glycol phenyl ether (4) was found to be very effective for their separation 
(see Fig. 4). Rr values in this latter system are listed in Table III for 
some of the members of this group. 

Class II (Diketosteroids)—The 3, 17-diketones of the Cy, series and the 
3, 20-diketones of the Ci series belong in this group and have Nu values 
ranging from 1.5 to 3.0. Although migration rates of some compounds 
of this group are rather high for optimal separation, certain resolutions 
occurred. Thus the saturated ketones were well differentiated from the 
corresponding a, GB- unsaturated ketones throughout the range of mobilities 
studied, in both Cis and C2 series, including some of the corticosteroids. 
This is in agreement with the mobility pattern for the corticosteroids in 
toluene-propylene glycol,‘ in which the “4,5-dihydrocorticosteroids” con- 
sistently move ahead of their companion 4,5-unsaturated corticosteroids. 

While adequate separation was obtained between the diketones of the 
Cis and Ci series, differences in R values between isomeric diketones 
of the normal (etiocholane- and pregnanediones) and allo (androstane- and 
allopregnanediones) structures were not sufficient for chromatographic sep- 
aration. A possible reason for the poor differentiation here was the con- 
tinued appearance of a substance derived from the filter paper (despite 
numerous washings) which possessed an R value of 2.8 to 3.0 and which 
gave positive but abnormal colors with the Zimmermann and dinitro- 
phenylhydrazine reagents. No better resolution of the pairs of diketones 
was obtained in heptane-ethylene glycol phenyl ether; Rr values of these 
compounds are listed in Table III for the latter solvent system. 

Classes III and IV (Monohydroxymonoketosteroids, Monohydroxrydikelo 
steroids, and Triketosteroids)—These two groups, having Rr values ranging 


E. M. Richardson, unpublished data. 
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from 0.2 to 1.5, were of optimal mobility for good separation in the solvent 
system. It is into these two classes that the large number of Cy, and 
Cn ketosteroids of urinary and tissue origin fall. In the particular atten- 
tion paid the members of the urinary 17-ketosteroid group, it became 
apparent that a single paper strip chromatogram could effect excellent 
differentiation between such compounds as pregnanolone (R, 1.30), andros- 
terone (Ry 1.0), etiocholan-3a-ol-17-one (Rr 0.70), and the 11-keto de- 
rivatives of the latter two (R, 0.30 and 0.26, respectively), despite the 
small difference in mobilities among several of them. In the same fashion, 
the few 38-hydroxyl derivatives were well separated. In the course of 
the same study, however, it was noted that the urinary steroids etiocholan- 
3a-ol-17-one, epiandrosterone, and dehydroepiandrosterone have Rr values 
very close to each other, and on mixed chromatography could not be 
separated, nor were androsterone and etiocholan-3§-ol-17-one resolved. 
It is therefore of great importance in dealing with unknown mixtures con- 
taining these substances that the mixture is first subjected to digitonin 
separation before chromatography. 

Despite many efforts to find a suitable solvent system, it has not been 
possible to separate ketosteroids differing only in the presence of an iso- 
lated ethylenic double bond. Thus androsterone has not been separated 
chromatographically from A*-androsten-3a-ol-17-one, nor etiocholan-3a-ol- 
17-one from A*-etiocholen-3a-ol-17-one in the 3a series, nor epiandrosterone 
from dehydroepiandrosterone. Such pairs of ketosteroids have only been 
separated chromatographically with much difficulty in the work of previous 
investigators (12, 13), and a protracted survey of solvent pairs for the 
resolution of epiandrosterone and dehydroepiandrosterone conducted in 
these laboratories by H. Rosenkrantz' has not revealed a ready solution 
to this problem. The separation of steroid pairs differing only in the 
presence of an isolated double bond is therefore to be considered as one 
important point of uncertainty in this method, and indirect means (via 
the epoxides (13)) were resorted to in order to effect such resolutions. 

Class / (Dihydroxymonoketones, Monohydrozytriketones, Dihydrorydike- 
lones)—The ketosteroids of this class possessing NR. values of 0.01 to 0.20 
required upwards of 48 hours for adequate resolution. These compounds 
are primarily derived from steroids of adrenal origin and possess oxygen 
functions at C-6, C-11, C-17, or C-21 in addition to the usual C-3, C-17, 
and C-20 oxygen. Here the pattern of structure and mobility approaches 
that of the corticosteroids and includes the less oxygenated members of 
that group. The steroids slower than 11-dehydrocorticosterone (Ry 0.07) 
required as long as 100 hours for good separation and from a practical 
point were more conveniently chromatographed in the traditional toluene- 


* Unpublished data. 
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propylene glycol; in fact, the pair 118-hydroxyandrosterone (R 0.10) and 
A‘-androsten-118-ol-3 , 17-dione (N, 0.10), while not resolved in ligroin, was 
adequately separated in toluene-propylene glycol (see Table III). How. 
ever, it should be noted that in faster moving solvents the individual 
steroids tended to spread and to occupy a larger area of the paper strip than 
in ligroin and caused overlapping of steroid zones, with resultant poorer 
chromatographic separation. It would therefore appear that, whereas tol- 
uene may be employed for the resolution of those corticosteroids which may 
be visualized by means only of the reducing properties of their a-ketol 


cm 


20 
22 


ligroin prop. glyc. Io hours 
Fig. 1. Chromatography in ligroin-propylene glycol ; 50 y of steroid on each strip 
visualized by Zimmermann reagent or dinitrophenylhydrazine or both. 


side chain, the greater resolving power of ligroin (albeit necessitating 
longer periods for chromatography) may be necessary for the separation 
of mixtures of the larger number of non-reducing ketosteroids in this 
category of mobilities. 

Relationship of Chemical Structure to Mobility—When suitable steroids 
were available for comparative studies, chromatograms were made with 
selected compounds in order to determine the effect on chromatographie 
mobility of slight variations in chemical structure. Although the results 
of most of these studies are incorporated in Tables II and III, those of 
special interest are reproduced in Figs. 1 to 4. 

The chromatogram illustrated in Fig. 1 shows the positions taken up by 
androstane-3,17-dione, Al- androstene-3, 17-dione, A‘-androstene-3 , 17- d. 
one, A' “-androstadiene-3 , 17-dione, testosterone, and A“ · -androstadien-175 
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ind ol-3-one singly and in mixture. From these structural considerations it 
vas || would appear that increases in polarity of the carbonyl induced by the 
ual Tasie IV 
lan Effect of Conjugated Double Bond on Mobility of Ketosteroids in Ligroin-Propylene 
rer 
tol- Saturated steroids Rr Unsaturated steroids Rr 
nay — — — — — 
atol Pregnane- 3, 20-dione 3.0 | Progesterone 2.3 
Androstane-3, 17-dione 2.5 A‘-Androstene-3, 17-dione 1.7 
Progesterone 2.3 Ae. Dehydroprogesterone 2.1 
Allopregnan-21-ol- 3, 0-dione“ 1.06 | Desoxycorticosterone 0.45 
Androstan-118-ol-3,17-dione 0.17 | A*-Androsten-118-0l-3,17-dione 0. 10 
* Dihydrodesoxycorticosterone. 
Al 
-HO- 
ANDROS. 
68- 
118 — 
20 na- * 
A* 
30 
40 
| 


ligroin prop. glyc. 48 hrs 

Fic. 2. Chromatography in ligroin-propylene glycol. Strip 1, 
terone, 50 ; Strip 2, 17a-hydroxyprogesterone, 50 ; Strip 3, 118-hydroxy- 
progesterone, 50 y; Strip 4, 68-hydroxyprogesterone, 50 y; Strip 6, 6a-hy- 
droxyprogesterone, 50 Y; Strip 7, mobility standard, 118-hydroxyandrosterone, 
0 7; Strip 5, mixture of 50 y of each steroid showing displacement of faster moving 
steroids. Visualized by dinitrophenylhydrazine. 


conjugated unsaturated bond will be reflected in the mobility of the keto- 
steroid (see Table IV). 

The influence upon mobility of the location of hydroxyl function on the 
steroid nucleus was studied in a series of hydroxyprogesterones. Fig. 2 
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reproduces the results of the comparison of 6a- and 68-hydroxyproges- 
terones, 118-hydroxy- and 17a-hydroxyprogesterones, and desoxycorti- 
costerone (21-hydroxyprogesterone). The differences in mobility induced 
by the hydroxyl group at different carbon positions permitted good separa- 
tion of these compounds. The actual retardation of the hydroxy group 
in varying positions is most apparent when the Rr of the hydroxy deriy-. 
ative is compared with that of the parent compound. Table V shows, 
in addition to the R of the hydroxylated progesterones, those of certain 
hydroxylated derivatives of A‘-androstenedione and desoxycorticosterone. 
The Rr of 1la-hydroxyprogesterone, determined from a sample acquired 
too late to be included in the figures, is listed also. From the compounds 
studied, it would appear that the hydroxy] function in C-21 position in- 


V 
: Influence of Position of Hydrozyl Group upon Relative Mobility (Rr) 
| Position of hydroxy! group 
Progesterone 2.30 0.026 | 0.079 | 0.14 0.20 0.28 0.6 
(1. 13%)“ (3.4%) (6.1%) (8.8%) (12%) (19.5% 
A‘-Androstene- 1.70 0.024 | 0.039 | 0.08 0.10 | 
3,17-dione (1.4%) (2.3%) (4.7%) (5.9%) 
Desoxycortico- 0.45 0.008 0.016 0.025 0.029 
sterone (1.8%) 63.5%) (5.5%) (6.4%) 


— 


— Values in parentheses, per cent mobility of parent compound. 


duced the least retardation (owing possibly to an internal H bond effect 
with the C-20 carbonyl), while the greatest retardation was found in the 
hydroxyl in C-6 position in the a orientation. 

A further study regarding the orientation of the hydroxyl grouping 
consisted of the chromatographic comparison of hydroxyketosteroids pos- 
sessing the hydroxyl grouping in a and 6 configurations at the same posi- 
tion. Several such comparisons are shown in the chromatograms illus 
trated in Fig. 3. Here representative pairs of a and 8 isomers were 
chromatographically compared. 3a- and 3§-etiocholanolones (Strips l 
and 2) and 3a- and 38-pregnane-3 , 17-diol-20-ones (Strips 7 and 8) were 
selected to represent the hydroxyl configurations at C-3 in the normal 
series. Androsterone and epiandrosterone (Strips 3 and 4) and 3a- and 
38-allopregnanolones (Strips 5 and 6) represent the hydroxyl group at 
C-3 in the allo series. For the hydroxyl function at C-6, the a and 8 
pairs of 6-hydroxyandrostenediones (Strips 9 and 10), progesterones (Strips 
11 and 12), and desoxycorticosterones (Strips 13 and 14) were studied. 


HO 


| | CHROMATOGRAPHY OF KETOSTEROIDS 

In 

lla 
hyd 
Is 
subs 

= 15), 

ũ Y hyd 
with 
mob 

PS 
Se 
othe: 
of th 
4) re 
mato 
urine 
‘ — 

that 
faster 
tetrol- 
TA. 
la-hy 
toluen 
corticc 


5 B. 713 747.7 


| 


K. SAVARD 471 


Only a single pair of C-7 epimers was available in the form of acetates of 
7a- and 78-hydroxydehydroepiandrosterone (Strips 15 and 16). The two 
epimeric compounds testosterone and epitestosterone were the only ones 
representing the 17 position (Strips 17 and 18). In all such pairs, chro- 
matography in ligroin-propylene glycol for adequate intervals (see Fig. 
3) revealed distinct differences in the mobilities of each which permitted 
good separation. These differences in Rr also obtained when the isomeric 
pair was run on a single paper strip, although such mixed chromatograms 
are not illustrated. Attention is here called to an interesting possible 
correlation between mobility and the orientation of the hydroxy sub- 
stituent in this restricted series of steroids. In the normal (5-cis) series, 
compounds with the 38-hydroxyl showed a greater mobility than the cor- 
responding 3a epimer; this was true in both Cis and Cy, groups. In the 
allo (5-trans) series, the reverse pattern was found, in that it was the com- 
pounds with the hydroxyl in the 3a orientation which had the greater 
mobility than the 38 companion.“ At the C-6 position the 68 epimers 
possessed the greater mobilities, while in the single pair of 7-hydroxylated 
steroids studied the 7a moved faster than the 78 companion compound. 
In the 11-hydroxyprogesterones (Table V), the 118 moved ahead of the 
lla isomer, while of the two epimeric testosterones, the one with the 17a- 
hydroxyl had the greater mobility than the 178. This pattern of mobility 
is consistent with the concept of equatorial and polar conformations of 
substituents on the steroid nucleus recently developed by Barton (14, 
15), wherein the steroid possessing the equatorial (the less hindered) 
hydroxyl has lower mobility than that of the corresponding compound 
with the polar (oriented) hydroxyl. This interesting aspect of the 
mobility-structure relationship will be expanded to assess its validity with 
respect to other positions of the steroid molecule.’ 

Several chromatograms of a-ketonic steroid fractions from normal and 
other urines are reproduced in Fig. 4 in order to illustrate certain aspects 
of the technique touched upon in the foregoing text. Strips 1 and 2 (Fig. 
4) represent the ketosteroid pattern resulting from 1 and 24 hour chro- 
matograms of 1 mg. quantities of the a-ketonic fraction of a normal male 
urine. The individual steroid zones, visualized by the Zimmermann re- 
agent, were recognized by means of their Rr values and by subsequent 

‘In agreement with this is the statement by Grundy, Simpson, and Tait (23) 
that Reichstein’s Substance C (allopregnane-3a,11,17,21-tetrol-20-one) moves 
faster in toluene-propylene glycol than his Substance V (allopregnane-38, 11 ,17,21- 
tetrol-20-one); see also Zaffaroni and Burton (19). 

A. Zaffaroni has, in a private communication, informed the author that the 
lla-hydroxy (equatorial) corticosteroid epimers consistently move more slowly in 


toluene-propylene glycol than do the corresponding natural 118-hydroxy (polar) 
corticosteroids (28). This observation is in accord with the above generalization. 
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mixed chromatograms with authentic samples. They were Steroid | 
of Strip 1, a mixture of A? *r *-androsten-17-one and chlorodehydroepi- 
androsterone, which was readily separated in heptane-ethylene glycol 
phenyl ether (shown in Strip 3 as Steroids I and II); Steroid II, not iden- 
tifiable by mixed chromatograms with any compound listed in Tables II 


ETIOCHOL- ANDROSTAN- ALLOPREG- 17 HYDROXY- 
ANOLONE OLONE NANOLONE PREGNANOLONE 


36 5a 3A 38 


AR if 


hours |6 L 20 46 
Fia. 3, A 

Fro. 3. Chromatography in ligroin-propylene glycol. Strips 1 and 2, etiocholano- 
lones, 50 7; Strips 3 and 4, androsterone and epiandrosterone, 50 7; Strips 5 and 6, 
allopregnanolones, 100 7; Strips 7 and 8, 17a-hydroxypregnanolones, 100 +; Strips 9 
and 10, 6-hydroxy-A‘-androstene-3,17-diones, 50 7; Strips 11 and 12, 6-hydroxypro- 
gesterones, 50 7; Strips 13 and 14, 6-hydroxy-11-desoxycorticosterones, 50 +; Strips 
15 and 16, 38-acetoxy-A*-androsten-7-ol-17-ones, 50 7; Strips 17 and 18, testosterone 
and epitestosterone, 50 . Visualization by Zimmermann reagent and dinitro- 
phenylhydrazine. 


and III; Steroid III, androsterone or A*-androsten-3a-ol-17-one; Steroid 
IV, etiocholan-3a-ol-17-one or A*-etiocholen-3a-ol-17-one; Steroid V, II- 
ketoandrosterone; Steroid VI, etiocholan-3a-ol-11,17-dione; and Steroid 
VII, of too low mobility to be resolved in the period of time (24 hours) 
used for this chromatogram. 

The remaining strips of Fig. 4 are presented as examples of the resolu- 
tion of even more complex mixtures of urinary ketosteroids. Strips 3, 
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4, and 5 show the steroid zones of individual fractions from a chromato- 
gram on a silica gel column of the urinary ketonic fraction from a patient 
to whom the steroid adrenosterone was administered. This study, which 
will be described in detail in a forthcoming publication from this labora- 
tory, embodied a further application of the paper chromatographic tech- 
3 -ACETOKY- 
ANDROSTEN- HYDROXY 6-HYDROXY ANDRO- TESTOSTERONE 
OLDIONE PROGESTERONE 0.0.C  STENOLONE 


6X % 6X % A 66 ITB Ila 


10 

20) 

| 

40: 

4 15 le 7 18 

hours % % 122 20 33 

ligroin prop. glyc 


Fic. 3, B 


nique. The various steroid zones shown in Strips 4 and 5 in later large 
scale preparative chromatograms were found to consist of single keto- 
steroids which could be eluted from the paper, freed from solvent, and 
erystallized. Melting points and infra-red absorption spectra of the iso- 
lated compounds confirmed the tentative identifications (recognitions) 
made by means of e values and mixed chromatograms with authentic 
samples. Strip € gives the pattern of ketosteroids obtained on chromatog- 
raphy of 1 mg. of the a-ketonic fraction from the urine of a patient given 
4' -androstadiene-3 ,17-dione;’? the individual component steroids have 
not been characterized. 


‘Savard, Burstein, Rosenkrantz, and Dorfman, J. Biol. Chem., in press. 
F. Ungar and R. I. Dorfman, unpublished data. 
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Since the introduction of paper chromatography for the small scale 


separation and characterization of corticosteroids by Zaffaroni, Burton, and 
Keutmann (2, 3), much confidence in this microanalytical tool has been 
established by its successful application to the study of corticosteroids in 
urine (16), blood (17, 18), adrenals (19), and adrenal enzyme systems (20, 
21). It follows then that equal reliance might be placed in a method for 
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ligroin prop. glyc. 

Fia. 4. Chromatography in ligroin-propylene glycol. 500 to 1000 y of steroid 
extract per strip visualized by means of Zimmermann reagent. The stippled areas 
indicate steroid zones of weak intensity. Strip 3 run in heptane-ethylene glycol 
phenyl ether. For designation of zones, see the text. 


the more mobile steroids which would retain most, if not all, of the prin- 
ciples of the original method and which would be effective in resolving the 
steroids of greater mobility than the corticosteroids. 

This class of steroids presents a greater and more difficult problem of 
analysis than that of the corticosteroids. The urinary ketosteroids (non- 
reducing), for example, present a problem in resolution of a greater num- 
ber of compounds of very similar constitution of both Cis and C2; steroid 
series, together with the epimers in both which arise from isomerism at 
C-5. The range of compounds and their respective mobilities given in 
Tables II and III attest that the ligroin-propylene glycol system indeed 
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possesses many of the features essential for good chromatography in this 
category of steroids. 

The first indispensable element in any chromatographic system must be 
its reproducibility. For reasons presented above, certain variations may 
arise in the absolute mobilities of the individual steroids. Of these factors, 
whether they are inherent in the technique itself or due to the nature of 
the steroid mixture being examined, none have been found to influence 
in any way the chromatographic sequences of the steroids as they are in- 
dicated in Tables II and III. Once a given ratio of mobility was estab- 
lished between any two steroids, then the more mobile of the pair was 
always to be found ahead of the other at all ranges of concentration 
and despite the presence of other steroids. Besides being true of mixtures 
of crystalline steroids, this is also true for steroid mixtures found in various 
human urines, as illustrated in Fig. 4. 

A second feature necessary for good chromatographic analysis is a rela- 
tionship between mobility and chemical constitution. The correlations 
between N, on the one hand, and the number and nature of oxygen func- 
tions on the steroid ring, the position and orientation of hydroxyl groups, 
together with the constant mobility relationship between derivatives of 
the allo and normal series (C-5 diastereoisomers), on the other hand, pro- 
vide generalizations which are in excellent agreement with the extended 
studies of Lieberman and Dobriner and coworkers in the steroid field 
(13, 22). Those generalizations which may be drawn from the data pre- 
sented here can be summarized as follows: C2-Ketosteroids (oxygen func- 
tion at C-20) move faster than the corresponding Cis steroids (with similar 
oxygen function at C-17); derivatives of the androstane (allo) series move 
faster than corresponding derivatives of the etiocholane (normal) series; 
this appears to be equally so in the few C2-ketosteroids studied. The 
mobility sequence of steroids with oxygen function at a fixed position 
(particularly the C-3 position) is saturated ketone > a,§-unsaturated 
ketone > hydroxy] in the polar conformation > hydroxy] in the equatorial 
conformation. 

One cautionary point has already been introduced with regard to the 
resolution of certain pairs of ketosteroids not resolved by the ligroin- 
propylene glycol solvent system. Some of these ((12) p. 307) may be 
circumvented by separation of the g-ketosteroiĩds by means of digitonin, 
but others, involving differences due to an isolated double bond, are not 
readily distinguished chromatographically from their corresponding satu- 
rated analogues. 

While it is not implied that the identity of an unknown steroid may be 
deduced from its position in a chromatogram, relationship of mobility to 
structure appears to be such that certain clues to the nature of a new 
compound may be derived (23, 24). Thus, the R of such a compound 
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will suggest a limit as to the number of oxygens present. These in tum 
may be characterized in part by the colors given by the compound when 
exposed to the various reagents available. Acetylation and rechromatog. 
raphy have already been employed to assess the number of acetylable 
hydroxyls (19, 23); preparation and chromatography of oxidation and 
degradation products have also been used in the characterization of 
compound (18, 19, 24, 25). When mixtures of known steroids are con- 
cerned, the paper chromatographic methods, also those based on the “re. 
versed phase principle ((26, 27) and subsequent publications)) appear to 
be no less than adequate in their resolution into individual compounds. 
When quantities permit, crystallization and the conventional techniques 
provide identification. For smaller (non-crystallizable) amounts, mized 
chromatograms and chromatography of derivatives are essential (28). 


The utility of a paper chromatographic system consisting of propylene 
glycol as the stationary phase and ligroin (or similar hydrocarbons) as the 
mobile phase has been studied. Adequate resolution of a large number d 
ketosteroids, of a broad range of mobilities, has been achieved and the 
system has been shown to be applicable to the separation of the 17-keto 
steroids of urinary origin. 

By relating the mobility of the ketosteroids indirectly to the distance 
traveled per unit time, a numerical expression of chromatographic mobility 
(Rr) has been proposed which may have wide use as a helpful tool in the 
expression of chromatographic sequence on paper of steroids for which the 
conventional R, term cannot serve. The relationship of the relative 
mobility (N f) to chemical structure of the steroids is in inverse proportion 
to the polarity of the oxygen functions of the steroid molecule. Certain 
suggested relationships of mobility to steric orientation of hydroxyl groups 
have been demonstrated. 


All steroids employed in this study were courteously supplied to the 
author directly or through Dr. Ralph I. Dorfman and Dr. Gregory Pincus 
by Dr. Max Tishler of Merck and Company, Inc.; Dr. C. R. Scholz of 
Ciba Pharmaceutical Products, Inc.; Dr. G. A. Grant of Ayerst, McKenna 
and Harrison, Ltd.; Mr. A. D. Joyce of The Glidden Company; the Chem- 
ical Specialties Company, Inc.; and Syntex, S. A.; and by Dr. Maximilian 
Ehrenstein of the University of Pennsylvania. 

The author wishes to acknowledge the contribution of Dr. D. A. Prins 
in discussions regarding the structural and theoretical aspects of this study 
and of Dr. Betty Rubin and Mr. H. Kulin for their valuable assistance. 
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Addendum— In a recent study on the paper chromatography of C steroids, 
Kochakian and Stidworthy (29) have expressed mobility of steroids by the term R,, 
in which movement of the steroids is referred to that of testosterone. 
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THE REACTION OF NAPHTHOQUINONE-4-SULFONATE 
WITH IMINO ACIDS 


By WALTER TROLL* 


(From the Department of Chemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, June 18, 1952) 


Naphthoquinone-4-sulfonate' was introduced by Folin as a reagent for 
the colorimetric determination of amino acids (1). The main advantage 
of this procedure of Folin was its simplicity. Colors were developed at 
room temperature in slightly alkaline solution. The drawback remained 
that the yield of color varied from amino acid to amino acid. A modifica- 
tion introduced by Frame et al. (2) using borate buffer at 100° did not 
resolve this difficulty. 

Seeking a simple rapid method for amino acids, we have reinvestigated 
these reactions. Although color development by amino acids appeared to 
be complete in less than 1 hour at room temperature, conditions have not 
been found for stoichiometric reaction. Since NQS appeared also less 
specific for amino acids than ninhydrin, the attempt to employ it analyti- 
cally for amino acids was abandoned. The imino acids proline and hy- 
droxyproline, however, were found to react quantitatively and stoichio- 
metrically. We have been able to isolate their reaction products and 
devise a method for the determination of total imino acids in protein 


hydrolysates. 
EXPERIMENTAL 
Isolation of Products of NQS with Imino Acids and Aromatic Amines 


The reaction was carried out in a bicarbonate buffer (pH 8.3) at room 
temperature with a 5-fold excess of NQS over the imino acid or amine. 
Aromatic amines and imines precipitated from the reaction mixture. The 
colored products from the imino acids proline, hydroxyproline, and sar- 
cosine crystallized out on acidifying to pH 3. Excess acid should be 
avoided, as the pigments are unstable in solutions more acid than pH 2. 

The imino acid products could be purified by alternate dissolution in 
dilute sodium bicarbonate and precipitation by addition of acid. The 
crystals were slightly soluble in water, methyl, and ethyl alcohol, and 


* Present address, May Institute for Medical Research of the Jewish Hospital 
Association, Cincinnati, Ohio. 

The following abbreviations are used: NQS, naphthoquinone-4-sulfonate; NQ. 
naphthoquinone. 
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insoluble in ether, chloroform, and hexane. Titration of the crystals with 
alkali indicated the presence of an acidic group, with a pK close to 4, per 
nitrogen atom (Table I). This suggested that the carboxyl group of the 
imino acid was retained in the colored products. The compounds formed 
by aniline and N-methylaniline were recrystallized from acetone. The 
aniline compound has been shown to be the 4-anil compound I (3) and 
our nitrogen analyses were in agreement with this formulation (Table I). 
The equivalent weights calculated from the nitrogen content of the imino 
acid compounds (Table I) were in agreement with an analogous composi- 
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Fia. 1. Absorption spectra of the NQ compounds of the imino acids proline, 
hydroxyproline, and sarcosine. 


tion. The orthoquinoidal structure II is suggested for the NQ-imino com- 
pounds on the basis of the observation that their absorption spectra re. 
mained unchanged on raising the pH from 5 to 10 (Fig. 1), a behavior 
indicative of the absence of a phenolic group, whereas in the case of the 
NQ-anil compound this measure produced a shift of the absorption maxi- 
mum at 480 ma towards a lower wave-length (Fig 2). 
Reaction of Imino and Amino Acids with NQS 

The imino acids, proline and hydroxyproline, appeared to form the com- 
pounds, whose isolation is described above, in a quantitative manner, when 
allowed to react with NQS in a bicarbonate solution (pH 8.3) at room 
temperature for 5 minutes. The absorption spectra obtained between 420 
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and 600 my, by allowing a quantity of proline or hydroxyproline to react 
as described above, were identical, after removal of the NQS color in this 
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Fra, 2. Absorption spectrum of the NQ compound of aniline 
I I 


region by reduction with ascorbic acid, with those obtained from dissolv- 
ing an equimolar quantity of the isolated compound in the same solvent. 
Amino acids, except for tryptophan, reacted more slowly and formed a 
reaction product with a distinctly different absorption spectrum. The 
most striking difference was the movement of the maximum at 470 my to 
longer wave-lengths when the pH was raised from 5 to 8. Tryptophan, 
however, behaved like an imino acid in this reaction. It reacted at the 
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same rate as imino acids and formed a reaction product analogous in 
composition to the imino acid compounds (Table I) with an absorption 
spectrum which remained unchanged between pH 5 and 10. No adequate 
explanation can be given for the exceptional behavior of tryptophan, but 
it is of interest that it also reacts with formaldehyde like an imino acid, 
being able to combine with only 1 molecule of formaldehyde, while all 
other amino acids combine with 2 molecules (4). 

Since proline and hydroxyproline reacted quantitatively to form colors 
which were indistinguishable, this reaction appeared ideally suited to mea- 
sure the molar sum of these amino acids. The amino acids must first be 
deaminated by a preliminary treatment with nitrous acid. The resulting 


Taste 1 
Data of Naphthoquinone-4-Sulfonate Compounds 
Equivalent weight | 
Compound — of — 
Determined | mol. vt.“ carboxyl | maximum indicated 


. 275 273 271 3.8 5.11 (480 my) 
Hydroxyproline............ 28 200 28 3.9 5.12 (480 “) 
Z | 248 280 245 3.8 5.11 (480 “) 
j | 362 360 1.2 14.90 (480 “) 
210 4.82 (480 “) 
N-Methylaniline........... 263 6.25 (490 “) 


© The molecular weights are the ones of the assumed structures I and II. 


nitrosamines of proline and hydroxyproline are hydrolyzed and the color is 
then developed with NQS. A preliminary report of this method has been 
given (5). Subsequently, Hamilton and Ortiz (6) published a method for 
imino acids based upon a nitrosation procedure followed by a gasometne 
ninhydrin determination. 


Procedure for Determination of Proline Plus Hydroryproline 


Reagents— 

1. 1,2-Naphthoquinone-4-sulfonate. The commercially available prep- 
aration (Eastman Kodak) requires two recrystallizations by Folin’s borate 
procedure (1). It can be prepared conveniently from 1-amino-2-hydroxy- 
naphthalene-4-sulfonic acid by oxidation with nitric acid, followed by two 
recrystallizations (1). A 0.02 m aqueous solution is prepared within 4 
hours of use. 

2. 1 m sodium bicarbonate. 
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3. Acetate buffer, pH 5, 1 u. 

4. 0.1 m ascorbic acid in 0.001 m hydrochloric acid. This solution is 
stable for several weeks in the refrigerator. 

5. 6 M sodium nitrite. 

6. Glacial acetic acid. 

7. Concentrated hydrochloric acid (iron-free), c.p., 0.1 * hydrochloric 
acid. 

8. 2 N sodium hydroxide. 

Procedure ml. of protein hydrolysate containing from 3 to 10 mg. of 
hydrolyzed protein and no more than 3 m.eq. of hydrochloric acid is allowed 
to react with 1 ml. of 6 M sodium nitrite and 0.3 ml. of glacial acetic acid 
in a 50 ml. Erlenmeyer flask. The flask is allowed to stand for 1 hour with 
occasional shaking. 10 ml. of concentrated hydrochloric acid and a boil- 
ing stone are added and the solution is evaporated to about 2 ml. This 
procedure, starting with the addition of the concentrated hydrochloric 
acid, is repeated twice. Then the solution is titrated with 2 N sodium 
hydroxide to the red end-point of phenolphthalein and then with 0.1 n 
HCl just to the colorless point. I ml. of 1 M sodium bicarbonate, 2 ml. of 
0.02 u NQS, and water to bring the total volume to about 10 ml. are 
added. After 10 minutes, 1 ml. of acetate buffer and 1 ml. of ascorbic 
acid solution are added and the solution is made up to volume, 25 or 50 
ml. The optical density of the solution at 480 mu is then determined. 
1 ml. of the protein hydrolysate is treated identically, except that the 
addition of NQS is omitted and 1 ml. of water is subjected to the total 
procedure. The optical densities at 480 my obtained from these two deter- 
minations are subtracted from the optical density observed in the pro- 
cedure described above. For standards, either proline or hydroxyproline 
may be used, since they give identical values on a molar basis. 
Results—In recovery experiments, 1 to 5 uu of proline or of hydroxy- 
proline was added to a mixture of amino acids. Recovery of 96 to 99 
per cent imino acid nitrogen was achieved. Similar recoveries were ob- 
tained when proline was added to a bovine serum albumin hydrolysate 
(Table II). 

The method has been applied to the analysis of lactoglobulin, bovine 
serum albumin, and gelatin hydrolysates. Hydroxyproline was determined 
by the ninhydrin method which has been described (7). The results are 
given in Table III where they are compared with those obtained by other 
methods. 

Creatine forms an interfering color with NQS after nitrous acid treat- 
ment. The spectrum of this reaction product was identical with that 
obtained from imino acid-NQS reaction mixtures. Nitrosated creatine was 
chromatographed on paper with a 1:1 mixture of benzyl alcohol and phenol 
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Tant II 
Recovery of Imino Acids from Mixtures 


Imino acids added to 1 ml. of a solution containing 0.01 mole per liter of glycine, 
alanine, leucine, isoleucine, phenylalanine, tyrosine, tryptophan, methionine, ly. 


sine, and arginine and to 1 ml. of bovine serum albumin hydrolysate. 


Optical density 
Imino acid used at coeficient of per cent 
480 mp acid-NQ 
at me 
Amino acid mixture, final volume 25 ml. 
„ 
None 0.001 
1.0 0.200 0.204 98 
3.0 0.600 0.612 98 
Hydroxyproline................ 4.0 0.801 0.816 98 
5.0 1.03 1.020 101 
Bovine serum albumin (7.59 mg. per ml.), final volume 50 ml. 
| 
from mu 
extinction 
coefficient of 
imino acid-N 
None 0.337 
5.0 0.830 0.847 98 
Taste III 
Results from Protein Hydrol 
| Observed results Other methods 
— 
per 100 em protein 
Lactoglobulin (crystalline), 4.86 0.06 (7) | 4.79 (8)* | 0.05 (10) 
15.6% N 65.10 (9) 
Bovine serum albumin (erys- | 5.02 | 0.06 (7) | 5.07 (10) | 0.005 (10) 
talline), 16.07% N | | 4.75 (9) 
Gelatin 14.0 12.83 (7) 4.8 (1) 13.1 d 


* Bibliographie reference No. 
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saturated with water and the paper was sprayed with NQS solution in 0.1 
u sodium bicarbonate, after development for 12 hours. A red spot ap- 
peared that was identical in its position with that produced by sarcosine 
when subjected to this chromatographic procedure. Sarcosine mixed with 
nitrosated creatine produced a single spot, while proline plus nitrosated 
creatine gave two spots and hydroxyproline, proline, and nitrosated cre- 
atine, three spots. It appears, then, that, in the reaction with nitrous 
acid, a portion of the creatine is transformed to sarcosine. 

Because of this interference of creatine, the method described above in 
its present form cannot be applied to urine or blood. Other urine con- 
stituents do not appear to interfere. 


1. Imino acids formed mononaphthoquinone derivatives quantitatively 
with 1 ,2-naphthoquinone-4-sulfonate. 
2. A method for the determination of imino acids in the presence of 


amino acids was developed. 


The author is indebted to Dr. R. Keith Cannan for his continued interest 
and helpful suggestions during the course of this investigation. 
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SQUALENE AS A PRECURSOR OF CHOLESTEROL IN LIVER* 


By G. M. TOMKINS, W. G. DAUBEN, H. SHEPPARD, anv I. L. CHAIKOFF 


(From the Department of Physiology, School of Medicine, and the Department of 
Chemistry of the University of California, Berkeley, California) 


(Received for publication, October 30, 1952) 


Many compounds have been implicated as capable of serving as pre- 
cursors for cholesterol, and of these the most intriguing is undoubtedly 
squalene. In 1926, and again in 1937, Channon (1, 2) reported that the 
feeding of squalene to rats resulted in an increased cholesterol content of 
the liver. These observations led Srere (3), in 1949, in this laboratory, to 
study the conversion of acetate-C to cholesterol in liver slices prepared 
from rats fed a diet containing | per cent squalene. The livers from the 
squalene-fed rats showed a marked depression in their incorporation of the 
Cu into cholesterol but not into CO.. Since such a depression is com- 
patible with the idea that the fed squalene had diluted a metabolic pool 
in the path of conversion of acetate to cholesterol, we next undertook the 
synthesis of C-labeled squalene, and this synthesis was reported else- 
where (4). Surprisingly enough, practically no C"-cholesterol was recov- 
ered in the liver when the labeled squalene was administered to rats or when 
the labeled compound was incubated with liver slices in a bicarbonate 
medium. Langdon and Bloch, however, have reported that the C of 
biologically prepared C-squalene can be incorporated into cholesterol in 
ro (5). An explanation of the failure of the synthetic squalene to be 
incorporated into cholesterol was suggested by examination of the infra-red 
spectra of the natural and synthetic compounds (6). It was found that 
the synthetic material, as well as the natural squalene regenerated from the 
solid hexahydrochloride, differed from the naturally occurring material in the 
types of carbon-carbon double bonds. In the present investigation, we have 
compared the effects of feeding natural squalene and regenerated squalene 
upon hepatic cholesterogenesis from added acetate-C". 


EXPERIMENTAL 


Three groups of Long-Evans female rats were used. The first group was 
fed an adequate stock diet. The second was fed the stock diet to which 
had been added 3 per cent natural squalene.' The third group received 
the stock diet mixed with 3 per cent regenerated squalene; i. e., natural 

* Aided by grants from the Life Insurance Medical Research Fund and the United 


States Public Health Service. 
‘Obtained from the Distillation Products, Inc., Rochester, New York. 
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488 SQUALENE EFFECT ON LIVER CHOLESTEROL 
squalene which had been passed through the solid hexahydrochloride and 
regenerated by the method of Heilbron et al. (7). The infra-red spectrum 
of this regenerated squalene was identical with those reported earlier for 
regenerated natural and synthetic C'-squalene (8). We are indebted to 
Dr. N. K. Freeman for this measurement. 

The diets were fed for 9 days, and the animals were then sacrificed, 
Their livers were rapidly excised and sliced, and 500 mg. portions of each 
were incubated with carboxyl-labeled sodium acetate, as described in 3 
previous report (9). The determinations of C., fatty acid-C"™, and cho. 
lesterol-C have also been described elsewhere (10). 


TABLE | 
Effect of Squalene Feeding on Cholesterol Synthesis from Acetate in Liver 
Long-Evans female rats (180 to 260 gm.) were fed a standard laboratory ration, 
with additions as noted below. All the animals were fed for 9 days. On this day 
they were sacrificed, and their livers were sliced and incubated at 37.5° for 3 hours 
with carboxvl-labeled acetate. 


— 


Per cent added C™ recovered as 


Rat No. Diet 

COs Fatty acids Cholestera 
1 Stock 30.8 17.2 2.36 
43.0 19.7 2.57 
3 25 40.8 10.3 1.49 
1 ‘+ 3% natural squalene 45.6 15.8 0.065 
5 38.6 23.5 0.136 
6 „ 10 13.0 14.3 0.033 
7 3% regenerated squalene 38.6 12.0 1.06 
+33 36.8 14.0 1.24 
9 3% 28.6 16.4 5.75 


| 


Results 


The incorporation of the added acetate-C" into cholesterol by the livers 
of the three groups of rats is shown in Table I. From 1.5 to 2.6 per cent af 
the C™ was recovered as cholesterol in the experiments with the rats fed 
only the stock diet. The feeding of a diet containing 3 per cent natural 
squalene resulted in a pronounced reduction in the recovery of the added 
acetate-C in cholesterol. Interestingly enough, the same dietary content 
of regenerated squalene had no such effect. The recoveries of CO, and 
fatty acid-C™ were unaffected by the ingestion of either type of squalene. 
It is this observation which suggests that the reduced cholesterol-C values 
found in the experiments with the rats fed the natural squalene diet are the 
result of dilution of a cholesterol precursor pool rather than of a liver 
poison. It is also apparent that regenerated squalene does not interfere 


with the incorporation of acetate carbon into cholesterol. 
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DISCUSSION 


It is shown in the present study that a difference exists in the biological 
behavior of natural and of regenerated squalene. If it is assumed that 
the reduced incorporation of acetate-C into cholesterol observed in the 
livers of rats fed natural squalene results from dilution of a precursor pool, 
it may then be inferred that the natural, but not the regenerated, form of 
squalene is a precursor of cholesterol. 

Since it was shown by Dauben Hal. (8) that natural squalene is a ho- 
mogeneous compound containing only trisubstituted ethylene bonds and, 
further, that the regenerated material contains as much as 40 per cent of 
wisymmetrically disubstituted carbon-carbon bonds, it is feasible to ex- 
plain our findings on this structural detail. Thus the biosynthesis of cho- 
lesterol from squalene is a very stereospecific reaction, as indeed might be 
expected from the postulated ring closure mechanism of Robinson (11). 


SUMMARY 


1. The effect of squalene feeding upon the incorporation of the C™ of 
acetate-1-C* into cholesterol by liver slices was studied. 

2. The previous feeding of natural squalene for 9 days resulted im a 
marked reduction in the conversion of the added C"™ to cholesterol. 

3. No reduction in the cholesterol-C™ recoveries was observed in the 
experiments with rats that had heen fed regenerated squalene. 

4. The findings are taken to mean that the natural squalene is a choles- 
terol precursor, while the regenerated material is not. 
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THE ACTION OF BRANCHING ENZYMES ON OUTER CHAINS OF 
GLYCOGEN * 


By JOSEPH LARNER 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, December 4, 1952) 


The degradation and synthesis of branched polysaccharides of the gly- 
cogen-amylopectin class require, according to our present knowledge, three 
separate enzymes. Phosphorylase makes the 1,4-linked chains longer or 
shorter by addition or removal of glucose units and thereby modifies the 
structure in such a manner that the other two enzymes can act. Degrada- 
tion by phosphorylase exposes the 1 ,6-linked glucose unit at branch points 
whicl. can then be split off as free glucose by amylo-1 ,6-glucosidase (1). 
Conversely, when a chain reaches a certain critical length through the syn- 
thesizing action of phosphorylase, it can be acted upon by the branching 
enzyme (2), presumably in such a manner that a 1 ,6 link is formed from a 
1,4 link. In order to investigate this mechanism, outer chains of glycogen 
were labeled with CM. glucose units and exposed to the action of the branch- 
ing enzyme, as illustrated in Fig. 1. It is shown in this paper that 1 ,6- 
linked C-labeled glucose units are formed during the action of this enzyme 
in a medium practically free of inorganic phosphate. From this experi- 
ment it can be deduced that the branching enzyme of animal origin acts as 
a transglucosidase. A descriptive name for this enzyme would be amylo- 
(1,4 — 1,6)-transglucosidase. 

Experiments in which the potato branching enzyme Q was used in place 
of the animal branching enzyme demonstrate that Q enzyme is also able to 
act on outer chains of branched polysaccharides as a transglucosidase. 
The literature on the enzymatic synthesis of 1 ,6-linked glucose units has 
recently been summarized (3, 4) and is further dealt with in the discussion. 


EXPERIMENTAL 


Preparation of glucose-1-phosphate, 
formed by enzymatic action, was isolated as the crystalline dipotassium salt 
from reaction mixtures containing uniformly labeled photosynthetic starch,' 

* This work has been supported in part by a contract between the Atomic Energy 
Commission and Washington University and by a grant from the Corn Industries 
Research Foundation. This research was carried out during the tenure of a Life In- 
surance Medical Research Fellowship. 

We are indebted to Dr. W. Z. Hassid for the starch sample. 
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either crystalline muscle or potato phosphorylase, and inorganic phosphate. 
Carrier glucose-1-phosphate was added at the end of incubation and the 
inorganic phosphate removed with magnesia mixture. The product was 
recrystallized three to four times from 66 per cent ethanol in the cold. For 
enzymatic experiments the samples were diluted to approximately 50 e. p.m. 
per y of glucose, except for Preparations 5 and 9 (Table I) for which a higher 
specific activity was desired. 

Preparation of Phosphorylaseand Amylo-1 , 6-glucosidase—Crystalline mus. 
cle phosphorylase (5) and amylo-1 ,6-glucosidase (1) were prepared as pre- 
viously described. The phosphorylase was recrystallized eight to nine times 
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i 2 3 
Fig. 1. Branch point synthesis by radioactive labeling technique. (/) Incom- 
pletely degraded glycogen segment (non-reducing end), (2) glycogen segment with 
labeled outer chains, (3) glycogen segment after action of branching enzyme. O, 
unlabeled glucose residue; , C-labeled glucose residue. 


in order to remove the last traces of glucosidase. Amylase was removed 
from the glucosidase preparation by adsorption on dry starch powder. 
Branching Enzymes—L iver extracts containing the branching enzyme were 
prepared from rats of the Anheuser-Busch strain after a fasting period of 
24 hours. The livers were perfused with ice-cold 1 per cent KCl in order 
to remove blood which is rich in amylase. All subsequent steps were 
carried out in the cold room. The livers were then homogenized with 2 
volumes of distilled water for 3 minutes in the Waring blendor. The pH 
was brought to 5.5 with 0.05 n HCl and the homogenate centrifuged at 
18,000 X g for 15 minutes. The supernatant fluid was freed of floating fat 
particles by filtration through Whatman filter paper No. 1. After adjusting 
the pH to 6.8 with solid KHCOs, the extract was dialyzed overnight against 
0.001 u cysteine at pH 6.8. The final extract was treated once or twice 
with dry corn-starch (10 per cent weight per volume) for 10 minutes as pre- 
viously described (1). In some cases a fraction precipitating between 30 
and 50 per cent saturation with ammonium sulfate was used. The en. 
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zyme preparations were free of phosphorylase and contained only traces 
of amylase. 

Muscle extracts containing the branching enzyme were prepared from 
rats of the Sprague-Dawley strain.“ The hind leg muscles were frozen in 
dry ice and pounded to a fine powder in a precooled stainless steel cylinder 
fitted with a plunger.’ The frozen powder was extracted with 3 volumes 
of distilled water, filtered through Whatman filter paper No. 1, and brought 
to pH 6.6 with solid KHCO;. The extract was treated once with corn- 
starch and dialyzed for 4 to 6 hours against 0.001 M cysteine at pH 6.8. 
Both liver and muscle extracts were frozen in small batches and stored 
in the deep freeze until used. Q enzyme was prepared by the method of 
Barker, Bourne, Wilkinson, and Peat (6), lyophilized, and stored at 2°. 
It was practically free of amylase but contained small amounts of phos- 
phorylase. 

Measurement of Radioactivity—aA gas flow counter was used for the deter- 
mination of radioactivity. All counts recorded in Tables I to III have been 
corrected for background. Total counts were so chosen that the counting 
error did not exceed 2 to 5 per cent. Samples were dried on copper plan- 
chettes under an infra-red lamp. 

West filtrates and Schenk filtrates were prepared from enzymatic digests 
as previously described (1), the former containing free glucose and the latter 
free plus phosphorylated glucose. Aliquots of the filtrates were used for the 
determination of reducing power by the method of Nelson (7) with Reagent 
60 of Shaffer and Somogyi (8) and a boiling time of 30 minutes. Other 
aliquots were used for counting; the dried residue from 1 ml. of the West 
filtrate spread over an area of 1 to 2 sq. cm. weighed about I mg. and the 
dried residue from 0.1 to 0.2 ml. of Schenk filtrate spread over an area of 3 
to 4 sq. em. weighed about 0.5 mg. There was a linear proportionality 
between counts and the amount of material analyzed in this range. Poly- 
saccharide was determined by copper reduction after 4 hours of hydrolysis 
in normal HCl at 100°. Aliquots counted before and after hydrolysis showed 
no appreciable difference in specific activity. 

Preparation of Labeled Polysaccharides—The nine labeled polysaccharides 
listed in Table I were prepared as follows: Outer chains of rabbit liver gly- 
cogen were first partially removed by incubation with crystalline muscle 
phosphorylase in the presence of inorganic phosphate. The resulting poly- 
saccharides were isolated by several ethanol precipitations including at 
least one at slightly acid pH, as previously described (9). Two samples, 
designated as A and B, were prepared; Sample A was degraded 30 out of a 


*The procedure was worked out and kindly placed at our disposal by Dr. B. 
Illingworth. 

+ Extracts prepared in the cold from ground but unfrozen muscle contained much 
less branching enzyme. 


7 
4 
* 
4 
& 
725 


possible 36 per cent and Sample B 20 out of a possible 30 per cent. By 
calculation (9) the average length of the outer chains remaining was 4 
glucose units for Sample A and 5 for Sample B. 

The next step consisted in the replacement of the degraded outer chains 
with new segments made up of C-labeled glucose residues. Resynthesis 
was carried out enzymatically, again with crystalline muscle phosphorylase. 
By varying the ratio of partially degraded glycogen to C™-glucose-1-phos- 


I 
Synthesis of Polysaccharides with CM. Labeled Outer Chains 


| End-group of Average No. of | 
Glucose- l- reconstituted glucose residues in 
Prepara- | Partially degraded glycogen | phosphate glycogen outer chains 1 
tion No. used added (as polysac- 
glucose) charide 
mg. mg. per cent | per cent 
1 6.0 (Sample A) 94 | 3.8 | ia 30.9 
2 31.0( * - 28.4 5.1 4.8 4 11 22.2 
3 88.60% % 33.7 5.2 6.4 4 | 10f 2.4 
4 40.0( “ B)t 36.5 5.3 s | 9 25.0 
5 28.80% 4.9 5.5 53.3 
6 | 46.0( “ A) 2.3 6.0 58 | 4 7 25.5 
7 | * 24.0 6.3 5 6 20.5 
| 49.5( “ 27.9 6.5 „ 
F 4.0 8.8 | 9.1 4 2 24.8 


* Sample A represents rabbit liver glycogen degraded 30 out of a possible 36 per 
cent by phosphorylase. Per cent end-group before and after degradation was 68 
and 9.7, respectively. 

t Calculated value of per cent end- group used. 

t Sample B represents rabbit liver glycogen degraded 20 out of a possible 30 per 
cent by phosphorylase. Per cent end-group before and after degradation was 82 
and 10.2, respectively. 


phate, the outer chains were rebuilt to different chain lengths, some shorter 
and some longer than the original glycogen.‘ 

The polysaccharides in Table I are listed in the order of increasing end- 
groups. The calculated and the found values are in agreement, with the 
exception of Preparation 3. The discrepancy in this case may be due to the 
fact that in the end-group analysis only 56 per cent of the material was 
degraded in 21 hours, during which time a small amount of branching action 


Only the average chain length can be determined which may represent a con- 
siderable spread of values, because it cannot be assumed that equal degradation and 
equal resynthesis of all chains occurred. 
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probably occurred.“ From the per cent end- group, the average number of 
glucose residues in outer chains has been calculated; these ranged from 6 to 
21 glucose units. The calculation is based on the fact that the reciprocal 
of the per cent end- group (100) gives the “average chain length,“ from 
which one deducts the average inner chain length (known to be 5.4 and 4.6 
glucose units for the glycogen Samples A and B, respectively) to obtain the 
average number of glucose units in the outer chains. 

A specific example may now be cited. Preparation 6 (Table I) was pre- 
pared by incubating 46 mg. of partially degraded glycogen (Sample A) 
with 35.9 mg. of C*-glucose-1-phosphate (as glucose) and about 2 mg. of 
crystalline muscle phosphorylase at pH 6.4. At the end of 2 hours, equilib- 
rium had been reached and 79 per cent of the added glucose-1-phosphate 
had been converted to polysaccharide. The material was isolated in a 
yield of 98.5 per cent by repeated precipitation with ethanol, including 
precipitations at slightly acid pH. By enzymatic end-group analysis (9) 
the original glycogen had 6.8, the partially degraded 9.7, and the reconsti- 
tuted glycogen 5.8 per cent 1,6 links (calculated 6.0 per cent).* The re- 
constituted glycogen thus had somewhat longer outer chains than the 
Specific activities are given in Table I and represent over-all activities 
made up of the labeled outer chains and unlabeled inner portions. 

Action of Branching Enzymes—The branching reaction was carried out as 
follows: C“-labeled polysaccharide was incubated with branching enzyme 
(liver, muscle, or potato’) at neutral pH and 30°. About 0.5 to 1.0 ml. of 
dialyzed, starch-treated liver or muscle enzyme was used for each 5 mg. of 
polysaccharide. In the case of Q enzyme, equal parts by weight of poly- 
saccharide and lyophilized enzyme were used. The amounts of branching 
enzyme present in these preparations could not be determined, because a 
suitable method for the determination of enzyme units has not been worked 
out. 

The progress of the reaction was followed by removing small aliquots of 
the reaction mixtures and observing the change in iodine color. Incubation 
time was usually 15 to 30 minutes in the case of the liver and muscle enzymes. 
For Q enzyme longer time periods were necessary (6 to 10 hours). When the 
iodine color had reached an end-point (brown), an aliquot of the reaction 


‘The amylo-1,6-glucosidase preparations used for end-group determinations 
contain small amounts of branching enzyme. 

* Calculated by multiplying the end-group per cent of the incompletely degraded 
glycogen, 9.7, by the dilution factor 46.0/(46.0 + 28.3). 

When analyzed for inorganic phosphate the preparations of liver branching 
enzymes contained 3 to 5 y per ml., and those of muscle branching enzymes 22 y per 
ml. No inorganic phosphate could be detected in a 10 mg. sample of Q enzyme. 
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mixture was deproteinized with Ba(OH), and ZnSO, for determination of 
reducing power. The reaction mixture was heated for 15 minutes in 15 per 
cent NaOH at 100° and the polysaccharide was isolated by ethanol pre- 
cipitations as already described (yield 70 to 90 per cent“). 

Increased reducing power in terms of glucose in the liver and muscle 
branching experiments corresponded to a splitting of 1 to 3 per cent of the 
added polysaccharide. In the case of Q enzyme no reduction could be 
detected, showing that in all experiments amylase activity was low or 
absent. 

Demonstration of Formation of Branch Points—This is based on the spe- 


cific action of amylo-1 ,6-glucosidase which splits off the glucose unit in 


1,6 linkage as free glucose. Before branching, the labeled glucose units 
in the polysaccharide were located in the outer chains in 1 ,4 linkage. After 
branching, if chain segments were shifted in such a manner that a | ,6 bond 
was formed from a 1,4 bond and if the break occurred within the labeled 
part of the chain, some of the glucose units released by glucosidase action 
should be radioactive. 

In the experiments in Table II the polysaccharide before and after in- 
cubation with branching enzyme was degraded completely by phosphorylase 
and glucosidase acting together (Method I). A West filtrate (see Steiner 
(10)) was prepared and the free glucose determined by copper reduction and 
by a specific microenzymatic method (1), with an agreement within 5 per 
cent. In the first three experiments the specific activity of the glucose 
released by glucosidase action and the per cent end-group increased after 
branching. In the fourth experiment a polysaccharide (Preparation 9) 
was used which had shorter outer chains than native glycogen and in 
this case there was no change in these quantities before and after branching. 

A disturbing feature was the fact that the glucose released before branch- 
ing had a measurable radioactivity. In one case not recorded in Table II, 
Preparation 6 gave a specific activity of 3.15 e. p. m. per y (counts per minute 
per microgram) which is much higher than the other values recorded in 
Table II, which range from 1.2 to 1.4 c.p.m. per y for different preparations. 
Incomplete precipitations of labeled polysaccharide or of labeled phosphory- 
lated sugars were excluded, as was contamination of glucose with labeled 
oligosaccharides formed by amylase action. It then became apparent that 
the glucosidase preparation contained small amounts of branching enzyme. 
In order to minimize its action during the degradation of the polysaccharide, 
phosphorylase was allowed to act first so as to shorten the outer chains 
before the glucosidase was added. Two such experiments are shown in 


On analysis, no inorganic or acid-labile phosphate could be detected in a 06 
mg. sample of Preparation 3 (Table II). 
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Table IT, and in both of them the specific activity of the glucose released 
was less than when phosphorylase and glucosidase were allowed to act si- 
multaneously. 

In two experiments in Table II the labeled polysaccharide was incubated 
with either salivary or hepatic amylase instead of branching enzyme. The 
source of hepatic amylase was a liver extract not treated with starch. There 
was no increase in the specific activity of the glucose released by glucosidase 


Taste II 
Specific Activity of Branch Point Glucose Released by Amylo-1 ,6-glucosidase before 
and after Incubation with Liver Branching Enzyme (Method I) 


Before branching After branching 
Preparation Enaymatic | Glucose by glucosidase action | Enaymatic Glucose by glucosidase action 
pier cont c. per per cent = 

1 | 3.8* 5.6 24.8 200 8.05 
3 6.4 29.8 36 1.20 7.1 34.5 180 6.20 
6 5.87 33.0 44 1.33 8.4 34.6 100 2.88 
6 | 48.4 66 1.36 
9 9.1 | 6.3 | 88 | 141 | 92 48.2 6% 1.24 
2 31.4 21 0.611 | 
9 43.2 40 0.92t | | 
6 30.8 8 | 0.26§ | 
2 19.8 17 0.86] | | 

Calculated. 


Average from two experimental values. 

t Degradation by consecutive action of phosphorylase and glucosidase (see the 
text). 

§ Incubated with salivary amylase. 

| Incubated with liver amylase. 


action, showing that amylase does not catalyze the formation of branch 
points under these conditions. 

The polysaccharide, after incubation with branching enzyme, can be iso- 
lated in high yield and shows little change in specific activity. After amylase 
action only 50 to 60 per cent of the polysaccharide could be recovered, and 
the specific activity of the polysaccharide dropped from 22.2 before to 12 
¢.p.m. per y of glucose after incubation in the experiment with liver am- 
ylase. This indicates that amylase, in the early stages of its action, se- 
lectively removes outer chains, a conclusion which had previously been 
reached by Swanson (11) when she found that short chain fragments could 
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be dialyzed away from the reaction mixture. This selective early action 
of a-amylase on outer chains of glycogen has also recently been shown by 
French using paper chromatographic analysis to follow the reaction.“ 
The experiments described so far suffered from the disadvantage that 
the labeled glucose released from the outermost tier was diluted by unlabeled 
branch glucose units situated in inner tiers. In order to avoid this dilution, 


Taste III 
Partial Degradation of Labeled Polysaccharides (Method < 


— ~— — 


bi. Specific | Radio- 
Prep- — gested | activity — 

Experimental conditions tion poly- i 
No. 


Before branching 


7 
4 . 
Incubated with liver 7 17.0 33.3 42.3 82.8 2.6 18.728615.3 
brancher (20 min.) 
Incubated with musele 7 
brancher (17 min.) 
Incubated with muscle 8 | 19.2 37.3 46.2 89.7 2.1 11.3 17715. 7 
brancher (30 min.) | 
Incubated with potato 125.2 37.4 0.6t 3. 5 67 19.2 
brancher (Q enzyme, 360 aa 
min.) 
Incubated with potato 5 | 53.3 40.4 113.5 86.0 6.0 280 46.6 
brancher (Q enzyme, 600 ee 
min.) | | 


* Calculated as follows: 
Specific activity of glucose-1-phosphate X digestion by phosphorylase 25 


Specific activity of polysaccharide 
Low value, presumably because of weak amylo-! ,6-glucosidase activity. 


only the first tier was degraded (Method II, Table III). The labeled poly- 
saccharide (before and after action of the branching enzyme) was incubated 
with phosphorylase alone in the presence of an excess of inorganic phosphate. 
The glucose-1-phosphate formed was determined in the Schenk filtrates, 
and it can be seen that 83 per cent or more of the radioactivity present in 
the polysaccharide was recovered as glucose-1-phosphate. Before branch- 
ing, the small number of unlabeled glucose units in the outer chains (4 to 5 
according to Table I) would not cause an appreciable dilution of the radio- 
activity of glucose-I- phosphate isolated after complete degradation by mus- 


Personal cqmmunication from D. French and G. M. Wild. 
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cle phosphorylase. This is in consequence of the fact that the limit dextrin 
formed by muscle phosphorylase action contains an average of about 3 to 4 
glucose units per outer chain (1) and thus only an average of 1 to 2 glucose 
units per outer chain would be available to dilute the radioactivity. 

When the degradation with phosphorylase alone had gone to completion (3 
to 4 hours), the limit dextrin was isolated and freed of inorganic and organic 
phosphate by precipitation with ethanol at a slightly acid pH. The limit 
dextrin was incubated with glucosidase alone, and the free glucose formed 
was determined in the West filtrates by the microenzymatic method and 
counted. It may be seen that, before branching, the 1 ,6-linked glucose 
units released by glucosidase action had no or very slight radioactivity. 

After action of the branching enzyme the specific activity of the 1,6- 
linked glucose units is higher than that in the experiments in Table II be- 
cause degradation of only one tier leads to less dilution with unlabeled 1 ,6 
units than complete degradation. That some dilution is still taking place 
may be seen by comparing the specific activity of the glucose-1-phosphate 
with that of the free glucose. In the experiments with the enzyme from 
liver, with Q enzyme, and in the second experiment with muscle enzyme 
(longer incubation period), the dilution of the specific activity of glucose is 
about 3-fold. One or more of the following possibilities would explain the 
dilution: the period of incubation may not have been long enough for 
branching to go to completion; not every outer chain had undergone branch- 
ing because of inequalities in length; the break of the 1 ,4 bond had occurred 
in the unlabeled portion of the chains. 

Chain Length Required for Branching—The average length of the outer 
chains of the polysaccharides used in these experiments has been calculated 
(Table I). Liver branching enzyme has been tested on Preparations 1, 3, 
6,7, and 9, with average outer chain lengths of from 21 to 6 glucose residues. 
All of the preparations with the exception of No. 9 had undergone branch- 
ing as determined by the methods outlined above. The muscle branching 
enzyme has been tested on polysaccharides with average outer chain lengths 
of 11 glucose units (Preparations 7 and 8), and the Q enzyme on polysac- 
charides with average outer chain lengths of 14 and 13 glucose units (Prepa- 
rations 4 and 5, respectively). In each case branching action could be 
demonstrated 


The outer branches of normal liver and muscle glycogens (range from 7 
to 13 glucose units) are always longer than the inner branches (range from 
3 to 5 glucose units) (12). In the case of amylopectins outer branches 
(range from 13 to 16 glucose units) are also longer than inner branches (range 
from 5 to 6 glucose units) (12). As an outer chain grows to a certain critical 
length through phosphorylase action, it can undergo branching by transfer 
of a segment of outer chain either onto itself or to a neighboring chain, with 
the result that the inner chain formed will be shorter than this critical 
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length. For the animal enzyme the critical length for branching was found 
to be between 6 and 11 glucose units, and this would explain why during 
synthesizing action of the two enzymes the outer chains are longer than the 
inner chains. The structures of glycogens and amylopectins as determined 
in a previous paper (12) are entirely compatible with this mechanism of 
branching. 

DISCUSSION 

The radioactive labeling technique used in this paper made it possible 
to show that the branching enzymes of animal and plant origin act on the 
outer chains of polysaccharides in such a manner that 1 ,6-linked glucose 
units are formed from glucose units previously linked 1,4. The reaction 
occurs in the absence of inorganic phosphate and may be described as a type 
of transglucosidation, with special requirements as to chain length. 

Previous methods used to demonstrate formation of branch points include 
decrease in the “blue value“ of iodine color, decrease in per cent degradation 
by 8-amylase or phosphorylase, increase in per cent end- group, and increased 
solubility. A disturbing feature, however, is that a-amylase which con- 
taminates most of the branching enzyme preparations can simulate the 
formation of branch points. This arises from the fact (again demonstrated 
in this paper) that during its initial action a-amylase selectively splits off 
the outer chains of branched polysaccharides. The resultant product, when 
isolated by the usual precipitation method (ethanol, which frees it of linear 
dextrins), fits all the above criteria for a more highly branched polysac- 
charide than the starting material, which indeed it is. But no net syn- 
thesis of branch points has taken place. Several of these considerations 
also apply when amylose, the linear polysaccharide of starch, is used as a 
substrate for the branching enzyme. Here again, contamination with a- 
amylase may cause a change in iodine color, in per cent end-group (periodate 
or methylation), and in solubility. 

In the present paper the problem of contamination with a-amylase was 
dealt with as follows: (1) All enzyme preparations were treated with dry 
starch powder which adsorbs a-amylase almost completely. (2) The copper 
reducing value of the digests was determined before and after incubation 
as a measure of a-amylase activity, if any. (3) The radioactive labeling 
method used made it possible to decide whether a-amylase itself under the 
experimental conditions used could form branch points by acting as a 
transglucosidase. This was found not to be the case. 

Most of the previous investigations with Q enzyme were carried out with 
amylose as substrate, and it has been proposed that this linear polysaccharide 
of 200 or more glucose units is formed first through the synthesizing action 
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of phosphorylase, and that this is followed by the action of the Q enzyme 
which transforms it to amylopectin (13). In support of this concept it was 
pointed out that linear chains which were only 25 glucose units long were 
not acted upon by the Q enzyme (13). Nussenbaum and Hassid (14) have 
recently reported that linear dextrins of approximately 42 glucose units 
were not acted on by Q enzyme, while dextrins with average chain lengths 
of 116 were converted to branched polysaccharides. It is then to be assumed 
that the 25 per cent of amylose found in common starches represents a resi- 
due which escaped the action of the branching enzyme. 

Animal glycogens do not contain an amylose component. An alternative 
mechanism for the synthesis of branched polysaccharides would be one 
in which the two enzymes act successively as follows: When the outer 
chains of glycogen have reached a length of between 6 and 11 residues 
through the synthesizing action of phosphorylase, they are acted upon by 
the branching enzyme. The shift in chain segments to form branches re- 
sults in shorter outer chains which are again made longer by phosphorylase, 
etc. This type of synthesis has been carried out in vitro with phosphorylase 
and branching enzyme acting together and it has been shown that this 
reaction may take an autocatalytic course when the initial concentration of 
priming polysaccharide is low, owing to the formation of new end-groups 
by the branching enzyme. Furthermore, the animal branching enzyme 
could be replaced by Q enzyme in this system. This suggested that the Q 
enzyme can act on the outer chains of branched polysaccharides. As a 
direct confirmation it has been shown in this paper that Q enzyme causes 
branching in a polysaccharide with an average of 14 glucose residues in the 
outer chains, which coincides with the average outer chain lengths of am- 
ylopectins. The probable difference between Q and the animal branching 
enzyme would seem to lie not in the basic mechanism of action, but in the 
chain length specificity of the enzymes. This would seem to follow from 
the fact that amylopectins have longer inner and outer chains than glycogen. 
It has been found that Q enzyme alone acts up to 20 times more rapidly 
on corn amylopectin than on corn amylose, and a similar disparity in rates 
with these two substrates has been found in experiments with liver branch- 
ing enzyme. The average molecular weight of natural amylopectin is 
much greater than that of amylose or the branched polysaccharide derived 
from it by the action of Q enzyme. These are some of the considerations 
which lead us to favor the hypothesis that the branched polysaccharides 
of the glycogen-amylopectin class are formed in vivo by phosphorylase and 
branching enzyme acting together. This does not rule out the possibility 
that some of the lower molecular weight amylopectin found in starch is 
formed by the slow action of Q enzyme on amylose. 
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The presence of branching enzyme has now been demonstrated in muscle, 
in adipose tissue (16), and in Neisseria perflava (17). Other examples of 
enzymes which catalyze the formation of 1, 6 from 1,4 links by transglucosi- 
dation are the conversion of dextrin to dextran (18) and the formation of 
panose and higher homologous branched oligosaccharides from maltose (19). 

The reverse reaction, the synthesis of 1, 4 links at the expense of 1 ,6 links, 
has not so far been demonstrated. Experiments in other laboratories with 
Q enzyme, the enzyme synthesizing panose and forming dextran from dex- 
trin, have not yet given any indication of easy reversibility. Tests for 
reversibility were not carried out in the present experiments." 


The action of branching enzymes from liver, muscle, and potato (Q 
enzyme) has been investigated by a radioactive labeling method. The 
substrate was glycogen which contained 1 ,4-linked C™-labeled glucose units 
in the outerchains. These chains were acted upon by the above enzymes in 
such a manner that radioactive 1 ,6-linked glucose units were formed from 
glucose units previously linked 1,4. Phosphate was not necessary for the 
reaction. The animal enzyme may therefore be described as amylo-(1,4 
— 1,6)-transglucosidase, with specific requirements for chain length before 
branching can occur. The substrate of the branching enzyme is the product 
of preceding phosphorylase action. In the case of the liver enzyme a 
glycogen with an average outer chain length of 6 glucose units (which is 
less than that of normal glycogen) could not be branched, while glycogens 
with an average of 11 to 21 glucose units in the outer chains could all be 
branched. The potato enzyme caused branching in a polysaccharide with 
13 to 14 glucose units in the outer chains, and it was shown that its action 
on this type of substrate was much more rapid than on linear polysaccharides 
of the amylose type. The mechanism of the synthesis of glycogen and 


amylopectin in vivo is discussed. 


The author wishes to acknowledge with thanks the help and advice of 
Dr. G. T. Cori and Dr. C. F. Cori. 


10 In crude aqueous extracts of muscle there is such an excess of phosphorylase 
over branching enzyme that the much greater activity of the former results in the 
synthesis of a polysaccharide which has the characteristics of amylose. The poly- 
saccharide formed in vitro with crude liver extracts resembles glycogen. Suther- 
land (15) has recently separated liver phosphorylase from branching enzyme. 

1 Petrova (20) has claimed that an enzyme ‘‘amylose isomerase obtained from 
skeletal muscle could make or break the 1,6 link in a reversible manner. Later 
papers, only available as abstracts, report a separation of the two activities (21). 
The evidence was based on changes in iodine color and in reducing power. 
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FORMATION OF TIGLIC AND n-VALERIC ACIDS BY 
BACTERIA-FREE ASCARIS LUMBRICOIDES* 


Br ERNEST BUEDING 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, December 15, 1952) 


Recently it has been found that bacteria-free Ascaris produce three 
volatile acids containing 5 carbon atoms. One of these was identified as 
racemic a-methylbutyric acid (2). The present report is concerned with 
the isolation of the other two acids and their identification as n-valeric 
acid and as cis-a-methylcrotonic (tiglic) acid. 

EXPERIMENTAL 


In an attempt to fractionate C, acids produced by Ascaris with the aid 
of partition chromatography, it was noted that one fraction had distribu- 
tion characteristics resembling those of n-valeric acid (2). Elution of this 
fraction began earlier than, but was completed simultaneously with, that 
of n-valeric acid. Therefore, it appeared that this fraction may consist of 
at least two components. Evidence for the heterogeneity of this fraction 
was obtained from observations on the bromine uptake of its aqueous solu- 
tions. They indicated that approximately 60 per cent of this fraction 
consisted of an unsaturated acid, the remainder of a saturated acid (2). 
Since bromine uptake was considerably greater in the first portion of the 
eluate than in the last, it was evident that the unsaturated acid was eluted 
earlier than the saturated one. By repeated subfractionations of this ma- 
terial on the buffered Celite columns described earlier (2) (pH of non-mobile 
phase, 7.8; mobile phase, I per cent butanol in chloroform), eventually two 
distinct compounds were obtained; one of them took up 2 m.eq. of bromine 
per milliequivalent of acid, indicating the presence of one double bond. 
The second fraction took up no bromine. Identification of these saturated 
and unsaturated acids will be described below. 


Identification of Saturated Acid 
An acidified aqueous solution (pH 2.0) of the saturated acid was purified 
by distillation in vacuo. The distillate was trapped in a dry ice-acetone 
* Presented in part at the Forty-third annual meeting of the American Society of 
Biological Chemists at New York (1). This investigation has been supported by a 


research grant from the Division of Research Grants and Fellowships, National 
Institutes of Health, United States Public Health Service. 
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bath, neutralized with a solution of sodium bicarbonate to pH 7.5, and 
concentrated to a small volume (approximately 1.0 ml.) by distillation in 
vacuo. After the pH of this solution had been adjusted to 7.0 with 0.2 x 
H,SQ,, the p-bromophenacy] ester of the acid was prepared (3). The re- 
action product was purified by chromatography on an alumina column 
(30 mg. of alumina were used per mg. of product). The compound was 
dissolved in 30 volumes of petroleum ether (b.p. 70-80°) and the solution 
poured on the column. Elution of the ester was carried out with the same 
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Fido. 1. Infra-red transmission curves of the p-bromophenacyl esters of n- valerie 
acid (Curve n-V; per cent transmission, right ordinate) and of the saturated Ci acid 
isolated from bacteria-free Ascaris mediums (Curve A; per cent transmission, left 
ordinate). The measurements were made on CS, solutions (I per cent) with a Perkin- 
Elmer infra-red spectrophotometer (model 12-B). 


solvent. Under these conditious impurities were retained by the alumina. 
After evaporation of the eluate to dryness, the residue was crystallized once 
from 70 per cent ethanol. The melting point (71.5-72°) remained constant 
after recrystallization from 70 per cent ethanol or from petroleum ether 
and was identical with that of the p-bromophenacy] ester of n-valeric acid 
and that of a mixture of these two preparations. 


C,,0;HisBr (p-bromophenacy] ester of C. HO,). 
Calculated. C 52.22, H 5.02, Br 26.73 


Found. 52.12,“ 4.97, “ 26.61 


The infra-red spectrum of the ester confirmed that the saturated volatile 
acid of this fraction was identical with n-valeric acid (Fig. 1). 
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Identification of Unsaturated Acid 


Purification of this compound and preparation of its p-bromophenacy] 
ester were carried out by the same procedures that were used for the 
saturated acid. The derivative of the unsaturated acid melted at 68.5-69°. 


10 — 


1 1 1 1 
260 250 240 230 220 210 
m 
Fic. 2. Ultraviolet spectra of a,8-unsaturated pentenoic acids. The extinctions 
were measured in aqueous solutions (molar concentrations, 8 X 10 ). Curve 1, 
tiglie acid; Curve 2, angelica acid; Curve 3, 8,8-dimethylacrylic acid; Curve 4, 
a-ethylacrylic acid; Curve 5, trans-8-ethylacrylic acid. The extinction coefficients 
of the unsaturated acid isolated from Ascaris mediums are recorded by circles (O). 


This melting point remained constant after three recrystallizations. The 
elementary analysis revealed that the acid contained 5 carbous. 


C,,0,H,:Br (p-bromophenacy] ester of CH. 
Calculated. C 52.59, H 4.38, Br 26.89 
Found. 362.84, 4.41, “ 26.83 


The acid had a high extinction in the low ultraviolet region (Fig. 2), 
indicating that the carboxyl group and the double bond were conjugated 
(4). Therefore, these analytical and spectroscopic data revealed that the 
compound was an a, f- unsaturated pentenoic acid, five isomers of which 
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were prepared: trans- B- ethylacrylic acid (5), 8, B-dimethylacrylie acid (6), 
cis- a- methylerotonic acid (tiglie acid) (7), trans- a- methylerotonie acid (an- 
gelica acid) (7), and a-ethylacrylic acid (8). Partition chromatography on 
buffered (pH 7.8) Celite columns demonstrated that only tiglic and 8, 8Bl. 
dimethylacrylic acids had the same distribution characteristics as the a, f. 
unsaturated pentenoic acid produced by Ascaris. Elution of the other 
three acids with 1 per cent butanol in chloroform was significantly slower. 
trans-8-Ethylacrylic acid was eluted simultaneously with a-methylbutyrie 
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Fia. 3. Infra-red transmission curves of tiglic acid (Curve T, right ordinate) and 
of the unsaturated acid (Curve A, left ordinate) isolated from bacteria-free Ascaris 
mediums. The measurements were made on CS, solutions (I per cent) with a Perkin- 
Elmer infra-red spectrophotometer (model 12-B). 


acid, and a-ethylacrylic acid appeared only after elution of the former two 
acids had been completed. Angelica acid could be eluted from these col- 
umns only when the concentration of butanol was raised to 20 per cent. 
The ultraviolet and infra-red spectra of tiglic acid were identical with those 
of the a,8-unsaturated acid produced by Ascaris (Figs. 2 and 3). The 
same was true for the infra-red spectra of the p- bromophenacyl derivatives 
(Fig. 4. On the other hand, the infra-red and ultraviolet data of the other 
four , B- unsaturated pentenoic acids differed significantly from those of the 
acid isolated from Ascaris medums (Table I, Fig. 2). Confirmation for the 
identity of the latter acid with tiglic acid was supplied by the fact that a 
mixture of the p-bromophenacyl esters of these two acids had the same 
melting points that each derivative had alone. On the other hand, de- 
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pressions of the melting point of more than 10° occurred on admixture of 
the p-bromophenacy] esters of either angelica acid or of trans-a-ethylacrylic 
acid with that of the unsaturated acid formed by bacteria-free Ascaris. 
The melting point of the latter derivative was outside the range of the 
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Fic. 4. Infra-red transmission curves of the p-bromophenacy] esters of tiglic acid 
(Curve T, right ordinate) and of the unsaturated Ci acid isolated from bacteria-free 


Ascaris mediums (Curve A, right ordinate). The measurements were made on CS. 
solutions (1 per cent) with a Perkin-Elmer infra-red spectrophotometer (model 12-B). 


p-bromophenacy!] esters of 8,8-dimethylacrylic acid and of a-ethylacrylic 
acid (Table I). 

Angelica acid is converted readily to tiglic acid under a variety of condi- 
tions (9-11). Therefore, the possibility had to be considered that angelica 
rather than tiglic acid might have been produced by Ascaris and that con- 
version to the latter had occurred during the process of isolation. In order 
to test this hypothesis 0.2 m.eq. of angelica acid was added to a solution 
which had the same composition as the mediums used for the incubation 
of the worms. The mixture was subjected to the same procedure which 
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was employed in the isolation of tiglic acid and yielded unchanged angelica 
acid. On partition chromatography no trace of tiglic acid could be de- 
tected. 

Accordingly, it is concluded that the unsaturated acid produced by bac- 
teria-free Ascaris is tiglic rather than angelica acid. 


Taste I 
Spectral Characteristics of a,B-Unsaturated Pentenoic Acids and Melting Points of 
Their p-Bromophenacyl Esters 
| ~-Bromophenacy] esters 
| 
Maximal extinction Extinction peaks in | 
in ultraviolet infra-red H Br 10 
% | (4.38)* (26.89)* 
«xi per cent — ber cent °C. 
Tiglie 10.7 216— 5.92, 6.07, 7.21, 7.80, 52.67 4.40 26.72 68 .5- 68 . 5-69 
217 8.61, 9.24, 9.83, 69 
10.65, 12.73, 13.57 
Angelica 5.15 217 5.92, 6.09, 7.42, 7.82, 52.64) 4.48 67 49 -58 
7.92, 8.44, 8.59, 
8.89, 9.22, 9.57, 
10.69, 11.72, 12.64) 
8,8-Dimeth-| 10.4 | 218- | 5.92, 6.08, 7.45, 7.74, 52.55| 4.43 28.76 99- 
ylacrylic 222. 7.95, 8.50, 9.01, 0 
9.32, 10.77, 11.70 
a-Ethyl- 6.77 | 206—- 5.88, 5.94, 6.14, 7.69, 52.57 4.39 26.97 37 
acrylic 209 7.93, 8.27, 8.37, 
8.56, 9.45, 9.95, 
10.54, 12.15, 12.56, 
12.79 
trans-f- 12.2 | 209— | 5.93, 6.05, 7.76, 7.95, 52.70) 4.47 1 -§# 
Ethyl- 211 8.25, 8.85, 9.17, 69 
acrylic 10.21, 10.69, 12.76 
* Calculated value. 
DISCUSSION 


After the production of a-methylbutyric acid by bacteria-free Ascaris 
had been reported (2), a paper by Moyle and Baldwin (12) appeared, 
dealing with an analysis of the volatile acids of Ascaris and of the peri- 
enteric fluid of this parasite. In this investigation the worms were used 
shortly after their removal from pig intestines. Under these conditions 
the metabolic activities of bacteria, which always are present in the host’s 
intestinal tract and in the alimentary canal of Ascaris, are not eliminated, 
and any differences that may be found between the composition of such 
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worms and those studied under sterile conditions can be aseribed to the 
action of bacteria in situ. Moyle and Baldwin (12) noted several differ- 
ences between their results and ours (2); most surprisingly, they ascribed 
these differences to bacterial contamination of our mediums, by stating 
that our “allegedly sterile experiments may reasonably be regarded with 
some suspicion.” While the use of antibiotics does not insure sterility 
per se, these authors completely ignored the fact that the acids isolated in 
our experiments exclusively originated from mediums and worms which 
had been found free of bacteria by the use of rigorous bacteriological tech- 
niques (13). While a-methylbutyric acid is found both in the bacteria- 
contaminated worms and in the culture mediums of bacteria-free Ascaris, 
the acid from non-sterile worms exhibited a slight levorotation equivalent 
to 6 per cent of the optical activity of pure (—)-a-methylbutyric acid; 
a-methylbutyric acid produced by bacteria-free Ascaris was optically in- 
active (2). Several bacteria are known to produce (+)-a-methylbutyric 
acid (14, 15), and it is possible that they also metabolize this isomer. 
This would explain the slight preponderance of (—)-a-methylbutyric acid 
in the contaminated worms. While bacteria-free Ascarides produce con- 
siderable quantities of tiglic and n-valeric acids, neither of them was de- 
tected in the worms contaminated with bacteria (12). The latter may 
metabolize these acids when they are produced by Ascaris; this appears 
possible, because little or no tiglic acid can be found in mediums in which 
bacterially contaminated Ascaris had been incubated (2). 

The observations reported in the present paper and previously (2) indi- 
cate that bacteria-free Ascarides produce per 100 gm. (wet weight) in 24 
hours 1 to 1.6 m.eq. of volatile acids containing 5 carbons. 50 per cent of 
these acids consist of racemic a-methylbutyric acid, 25 to 35 per cent of 
tiglic, and 15 to 25 per cent of n-valeric acid. Von Brand (16, 17) has 
demonstrated that Ascaris does not utilize lipides or higher fatty acids. 
According to the analyses of the same author (16) the total nitrogen ex- 
cretion of Ascaris is too low to account for the production by this organism 
of volatile acids from degradation of proteins and amino acids. On the 
other hand, Ascaris has a fairly high rate of carbohydrate metabolism (16) 
and the possibility must be considered that these products originate from 
carbohydrate, from lactic acid, or from one of the precursors of the latter 
(2). 

SUMMARY 


The isolation and identification of n-valeric and tiglic acids as metabolic 
products of bacteria-free Ascaris are reported. 


The author wishes to express his indebtedness to Dr. Hans Hirschmann 
for the determination of the infra-red transmission spectra and for his most 
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valuable suggestions, to Dr. Koert Gerzon for a generous gift of ethyl- 
malonic acid, and to Dr. E. W. D. Huffman for the microanalyses reported 


in this paper. 
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A DOUBLE PRECURSOR STUDY OF NUCLEIC ACID TURNOVER 
IN NORMAL AND REGENERATING LIVER* 


Br E. P. ANDERSONf AvD STIG E. G. AQVIST 
(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, September 8, 1952) 


There has by now accumulated a very large number of studies of nucleic 
acid metabolism made with tracer techniques. Because of the obvious 
desirability of being able to compare results obtained with different iso- 
topes, it seemed of interest to make a study of nucleic acid turnover with 
more than one precursor, in an attempt to define more clearly how different 
tracers, effective in labeling different parts of the molecule, compare with 
each other in the demonstration of metabolic phenomena. The present 
study has been made with P*-phosphate, presumed to contribute to all 
of the phosphorus in the polynucleotide, and N. orotie acid, known to be 
incorporated into the pyrimidines of nucleic acids (1-5). The turnover 
of both types of nucleic acid has been measured with these tracers in normal 
and regenerating rat liver with the aim of comparing the normal turnover 
with that during accelerated growth. 

EXPERIMENTAL 

Animal Experiments Adult albino rats, weighing approximately 200 gm., 
were used. Two separate experiments were made, one with twenty-nine 
normal, non-hepatectomized rats, and a second with 66 animals subjected 
to partial hepatectomy according to the method employed in earlier work 
in this laboratory (6, 7). 

Since the hepatectomized animals do not voluntarily consume a normal 
amount of food, especially in the Ist hours after operation, all rats in both 
experiments were fed a definite amount of food by means of stomach tube 
(8). The diet (9) was given as a water solution containing 10 gm. per 24 
ml., and each rat received 4 ml. of this solution per 200 gm. (weight at the 
beginning of the experiment) every 4 hours. The normal rats were given 
six feedings. The tracers were injected subcutaneously 22 hours after the 
first feeding, and the animals were killed at 24 hours. The hepatecto- 
mized animals were fed three times beginning 4 hours after the operation, 

* A report of this work was presented at the Second International Congress of 
Biochemistry, Paris, July, 1952. 

t Present address, Department of Pharmacology, George Washington Univer- 
sity School of Medicine, Washington, D. C. 
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the tracers were injected at 14 hours regeneration, and the animals were 
killed 2 hours later. 

Each rat received 10 mg. of orotic acid (15.90 per cent excess N.) and 
on the order of 500 yc. of P* as carrier-free sodium phosphate per 200 gm. 
(weight at time of injection). Both tracers were given as neutral water 
solutions. 

Fractionation of Liver Tissue—The livers from all animals were blotted 
and weighed. In the case of the hepatectomized animals the original ex- 
cised portion of the liver was also weighed and the extent of regeneration 
calculated as in previous work (7). The figures for the 66 hepatectomized 
animals showed an average regeneration of 117.4 per cent (the weight of 
the regenerated liver as per cent of the weight of the original remaining 
liver portion). 

The livers were homogenized and fractionated into nuclei and cytoplasm 
in 0.05 M citric acid, according to a modification of the previous method (6). 
The nuclei were washed in 0.01 citric acid, dried, and disintegrated by 
vibration with glass beads in alcohol for 48 hours (10). They were then 
extracted with boiling 3:1 alcohol-ether and again dried. The cytoplasm 
supernatant solutions were adjusted to pH 5 to 6 with sodium hydroxide. 
This precipitated cytoplasmic material which, like the nuclei, was extracted 
with boiling alcohol-ether and dried. 

The supernatant liquid from this precipitation was dialyzed in the cold 
against water, and the free orthophosphate isolated from the outer fluid 
as MgNH,PQ,. The conditions for the precipitation were essentially those 
of LePage (11). 

Determination of Phosphorus and P® Activity—Phosphorus determina- 
tions were made according to the method of Fiske and Subbarow (12), and 
known aliquots then used for radioactivity measurements. For these the 
phosphorus was precipitated as MgNH,PO, in the presence of a known 
excess of inactive phosphate and filtered onto paper disks for counting. 
After the measurement of radioactivity the actual amount of phosphorus 
on the plate was determined and the counts per minute per microgram of 
phosphorus for the sample calculated. In both experiments the actual 
amount of radioactivity in the solution of P® injected was measured and 
the experimental results in the two cases expressed on the basis of an 
equivalent amount of injected activity. No correction was made for the 
small amounts of PV in the injected material, but the error introduced 
by this would be small for the time of duration of these experiments. 

Isolation of Nucleic Acid Components and Isotope Analyses—The dried 
preparations of nuclei and cytoplasm were treated according to Ham- 
marsten (10) to extract mixed polynucleotides; these were hydrolyzed in 
alkali and separated into pentose nucleic acid (PNA) and desoxypentose 
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nucleic acid (DNA) with lanthanum according to the same method. Both 
PNA and DNA were isolated from the nuclei, and PNA from the cyto- 


— 
on Dowex 50 according to the procedure of Cohn (13). For N analysis 
the pyrimidine nucleotides were hydrolyzed to free bases by heating in 
concentrated formic acid (14) and purified by starch chromatography 
(2). The purity was checked in each case by determination of the ratio 
E msx./(microgram of N per ml.) (2). The samples of nucleotides for P. 
analysis were purified from possible contaminating orthophosphate by 
precipitation of this substance as MgNH,PO, in the presence of a large 
excess of inactive phosphate. Preliminary experiments showed that the 
amount of activity remaining after this purification was only 0.1 per cent 
of that precipitated ; this was true for amounts of added P up to 1,000,000 
e. pm. In the actual tracer experiments the degree of contamination 
present in each nucleotide was checked by determining the activity in the 
purification precipitate, and, if necessary, the purification was repeated. 

For this work the separation on Dowex 50 was found preferable to that 
on Dowex 1. With Dowex 1 it was not found possible to elute the P 
ahead of the nucleotides, as has been described for this separation (15); 
on the contrary the activity was eluted continuously with the nucleotides, 
with an increase at each change of acid concentration. It may be that 
the concentration of salts in our hydrolysates significantly alters the manner 
in which the nucleotides and the phosphate are adsorbed by the resin. 

The lanthanum precipitate of DNA was purified to constant specific 
activity by solution in alkali and reprecipitation with acid in the presence 
of a large excess of inactive phosphate (cf. Hevesy (16) and Hammarsten 
and Hevesy (17)). The purified lanthanum-DNA precipitate was then 
decomposed with carbonate, and the DNA precipitated with acid alcohol 
and dried, as described in previous work (2). P. determinations were 
made on total DNA. For N" analysis samples of DNA were hydrolyzed 
with dry hydrochloric acid in methanol according to Vischer and Chargaff 
(14), and the pyrimidines further hydrolyzed in formic acid. The bases 
were again purified on starch (2). 

RESULTS AND DISCUSSION 

The figures for phosphorus and nitrogen turnover in the nucleic acid 
components are shown in Table I. These values fit in well with our in- 
formation about these particular precursors, as well as with the general 
picture we now have of nucleic acid synthesis in normal and rapidly growing 
tissue. 
In all cases there are no great differences in the extent of incorporation 
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of phosphorus into the four mononucleotides of PNA. The only con- 
sistent and possibly significant trend seems to be a somewhat higher 
activity for adenylic acid; this has also been recorded by Volkin and Carter 
(15) for phosphorus turnover. 

On the other hand, such a similarity in turnover among different nucleo- 
tides is not seen in the figures for nitrogen incorporation. In PNA there 
is consistently a much higher NI content in uracil than in cytosine, and 


TABLE I 
Incorporation of Pu and Ni into Nucleic Acids of Normal and Regenerating Liver 
| Normal | Regenerating, 16 hrs. 
| — 
Free re. 2191° 8 Free orthophosphate-P#, 2949 
Nuclei | Cytoplasm Nuclei 
Uridylic acid 16. 81 01350 16. 60 21. 4 16.483. 53. 38 824 26.71 9.9 7.9 
Guanylic 13. 4 | 27.3 09. 4 881 12.7 
Cytidylic “ 15. 2.1 30375 5.32 24. 07. 7 73. 1 1.20843 12.76 11.5 10.6 
Adenylie 417 20.7 91.1 90 9.9 
Thymine | 0.0 0.073 
Cytosine | 0.017 0.085 


P values are counts per minute per microgram of P based on 1.045 Xx 10* c.p.m. 
(approximately 500 fe.) injected per 200 gm. Nis values are atom per cent excess 
calculated on the basis of 100 per cent N in the administered orotic acid. The 
actual N'* content in the orotic acid was 15.90 per cent excess; each rat received 
10 mg. per 200 gm. Administration time for both isotopes was 2 hours. The ratios 
for nuclei to cytoplasm are calculated in each case from the direct turnover figures 
in the preceding columns. 


in DNA a somewhat greater incorporation into thymine than into cytosine. 
In the case of DNA the absolute values are all so low as to be questionable. 
Also, the figures for cytosine have not been corrected for a probable dilu- 
tion by a non-isotopic amino group (2); hence the differences may be ac- 
tually somewhat less and, for the DNA bases, perhaps of doubtful signifi- 
cance. The difference in the PNA bases, however, is real. The ratio of 
uracil to cytosine in PNA of normal liver is about 3 (closer to 2 if the amino 
group of cytosine is considered as non-isotopic), which may be slightly 
lower than that found by Weed (5) or by Hurlbert and Potter (18) with 
C-labeled orotic acid. Experiments in this laboratory confirm a greater 
content of cytidylic acid in cytoplasmic PNA (about twice that of uridylie 
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acid), and, if one could assume the breakdown of nucleic acid to dilute 
appreciably the pool of nucleotide precursors, this might partly explain 
the difference in incorporation figures. No such dilution is evident, how- 
ever, in the values for P& uptake. In view of the similarity in phosphorus 
turnover, it is probable that the nitrogen figures represent a difference in 
path of biosynthesis prior to the nucleotide stage. A faster incorporation 
of orotic acid into uracil than into cytosine is supported by the results of 
Hurlbert and Potter (18), who have shown that this difference, evident at 
early stages of exposure to the isotope, diminishes and reverses with 
increasing administration time. The previous finding in this laboratory 
(1,2) of a higher incorporation into PNA cytidine than into uridine may 
thus reflect a longer administration time. 

The turnover of both isotopes is much less in DNA than in either nuclear 
or cytoplasmic PNA. The higher metabolic activity of PNA, compared 
with DNA, has been observed by various workers (7, 17, 19-21), with dif- 
ferent ratios reported for the comparison between the two. In these ex- 
periments the ratio of phosphorus turnover in cytoplasmic PNA to that in 
DNA is about 7 in normal liver and about 16 in regenerating liver. The 
ratio for nuclear PNA to DNA is approximately 170 in both cases. Simi- 
lar ratios based on the figures for N. are somewhat higher, but they are 
more uncertain because of the unreliability in the low values for N in the 
DNA bases. 

From these results orotic acid seems to be a rather poor precursor for 
DNA. This is in contrast to results found with glycine. Tyner et al. 
(22), using simultaneous administration of P& and C™-glycine, found a 
much lower phosphorus turnover in DNA than in PNA, but an incorpora- 
tion of CM into the purine bases that was approximately equal for the two 
types of nucleic acid. Other work in this laboratory (2)' has also shown a 
high incorporation into DNA, compared to PNA, with N'*-glycine as pre- 
cursor, and a lower incorporation into DNA, comparatively, from N.. 
orotic acid. The ratio of PNA to DNA turnover thus varies considerably 
with the precursor used. 

A high incorporation of both isotopes into the nuclear PNA is evident 
in both normal and regenerating liver and confirms previous results ob- 
tained with phosphorus (20-25), with N'*-labeled glycine (6, 7), and with 
C-labeled orotic acid (18, 26). A comparison of the incorporation into 
PNA nucleotides in nuclei and cytoplasm is included in Table I. The 
ratios, based on the direct figures, are for nuclei to cytoplasm. It can be 
seen that in our experiments there is about 20 to 25 times as much P® 
activity in nuclear PNA as there is in cytoplasmic PNA in normal liver. 
The ratio based on nitrogen incorporation is somewhat lower. 

There is, of course, an increased turnover of the nucleic acids at 16 hours 


1 Hammarsten, E., Thorell, B., and Aqvist, S., unpublished experiments. 
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regeneration, as evidenced in the figures for both isotopes. It can be seen 
that with regeneration the increase of phosphorus turnover in cytoplasmic 
PNA is 5-fold; that of nitrogen incorporation is slightly less than 4-fold. 
The ratio of increase for nuclear PNA is somewhat less, about 2 as judged 
by both isotopes. The phosphorus turnover in DNA is also twice as 
great in regenerating liver as in normal. 

The figures for phosphorus turnover show a high degree of consistency. 
The values for nitrogen incorporation show the same trends, but the bases 
change in a different way during regeneration; the increase of incorpora- 
tion is greater for cytosine in all cases than for uracil or thymine. This 
fact is further support for a difference in the path of incorporation of orotic 
acid into the pyrimidines. 

One notes that the increase in turnover during regeneration is consider- 
ably greater for the cytoplasmic PNA than for the nuclear PNA. From 
these figures it is impossible to say whether this represents a synthesis 
of cytoplasmic PNA more extensive than that of nuclear PNA and inde- 
pendent of it, or whether cytoplasmic PNA is synthesized at the expense of 
some of the nuclear PNA, as postulated by Jeener and Szafarz (24). At 
any rate, the synthesis of both nuclear and cytoplasmic PNA is apparently 
increased during regeneration above that in normal liver. 

From these figures the increase in nucleic acid turnover during regenera- 
tion can be seen to be greater for phosphorus than for nitrogen. It is, 
of course, difficult to compare the two isotopes, since nothing is known 
about the precursor concentration in the case of orotic acid. However, 
if one can suppose the precursor concentrations to change in the same way 
for both isotopes from normal to regenerating liver, these results can be 
taken as indicative of a more rapid incorporation of phosphate than of 
the nitrogenous bases during growth. This may reflect a faster turnover 
of the phosphate than of the nitrogen part of the molecule (cf. Brown et al. 
(27)), or merely a more direct incorporation of the phosphate precursor. 

Broadly speaking, however, the two isotopes show the same trends. 
By using more than one tracer, one can evaluate to some extent the signifi- 
cance of comparative turnover data. In some instances the phenomena 
demonstrated vary with the precursor used. Thus, the extent of turnover 
in DNA differs very much, depending on whether the precursor is glycine, 
orotic acid, or phosphate, and differences between the pyrimidine bases 
here also seem to be the result of the particular precursor used. However, 
such things as the very high activity of nuclear PNA and the increased 
turnover of nucleic acids during accelerated growth are evident from the 
values for both tracers and are seemingly metabolic properties of the whole 
nucleic acid molecule. The greater turnover of PNA than DNA is also a 
general finding, although the absolute ratio of the two must be interpreted 
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with caution. If the present results are correlated with those of Tyner, 
Heidelberger, and LePage (22), it can be seen that the same general 
phenomena are also evident with Ci. glycine as precursor. The demon- 
stration of these in experiments with simultaneous administration of more 
than one tracer does much to strengthen the evidence for their being true 
metabolic phenomena. 

SUMMARY 

Simultaneous administration of NAI. orotie acid and of 
has been used to study the turnover of PNA and of DNA in normal and 
regenerating rat liver. 

The figures for both isotopes showed nuclear PNA to be much more 
active than cytoplasmic PNA and both types of PNA to have a higher 
turnover than DNA. This was true for both normal and regenerating 
liver. The ratio of PNA to DNA turnover, however, was different for the 
two tracers. 

An increased turnover of the nucleic acids during regeneration was 
evident from the results with both tracers, but the increase in phosphorus 
turnover was greater than that for nitrogen. The increase in turnover 
during regeneration was about the same for DNA and for nuclear PNA; 
that for cytoplasmic PNA was considerably greater. 

In both normal and regenerating liver the incorporation of 
was approximately the same for all four mononucleotides of PNA, but 
the incorporation of nitrogen into the pyrimidines was not so consistent. 
In all cases there was a greater incorporation of Ni into uracil or thymine 
than into cytosine, and the increase in incorporation during regeneration 
was greater for cytosine than for either uracil or thymine. 
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PEPTIDES AND BACTERIAL GROWTH 


IV. HISTIDINE PEPTIDES AS GROWTH FACTORS FOR 
LACTOBACILLUS DELBRUECKII 9649° 


By VINCENT J. PETERS, J. M. PRESCOTT, ann ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Teras, and the Clayton Foundation for Research, Austin, Tezas) 


(Received for publication, November 26, 1952) 


Addition of partial digests of protein to media containing a complete 
assortment of free amino acids is essential for growth of some lactic acid 
bacteria (1-4) and greatly speeds growth of many others (5-7). In some 
cases, peptides are unquestionably the active substances involved (1, 4). 

In two such cases recently analyzed, two distinctly different mechanisms 
were found by which peptides exerted growth activity not equaled by their 
component amino acids. In one instance, assimilation of a free amino 
acid (L-alanine), but not that of its peptides, was inhibited by an antago- 
nistic amino acid (p- alanine) present in the medium (4). In a second case, 
a free essential amino acid (tyrosine), but not its peptides, was partially 
destroyed by the organism before it could be utilized for growth (1). 

The identification of additional peptide growth factors and elucidation 
of their mode of action are of importance to an understanding of the 
mechanisms involved in growth and protein synthesis. Lactobacillus del- 
bruechii 730 (ATCC 9649) is an example of an organism whose growth is 
greatly stimulated by crude natural materials, including casein digests (3). 
Extensive preliminary work revealed that peptides were the unidentified 
growth-promoting compounds involved. The identification of one group 


of stimulatory peptides for this organism is reported herein. 


EXPERIMENTAL 


Cultures and Inocula—Stock cultures of L. delbrueckii (ATCC 9649) were 
maintained in litmus milk containing 0.5 per cent glucose and 0.5 per cent 
Difeo yeast extract.“ They were incubated at 37° for 24 hours or until 


* Supported in part by a grant from the Division of Research Grants and Fellow- 
ships of the United States Public Health Service. For Paper III of this series see 
Kihara, Klatt, and Snell (1). 

In most cases, 0.5 y of pyridoxamine phosphate and a purified digest of desoxy- 
ribonucleic acid sufficient to furnish 1.0 mg. of thymidine per 100 ml. of litmus milk 
were also added. These supplements are essential for growth of this organism in 
a synthetic medium (8) but are already present in crude media such as that used 
above and need not be separately added. 
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they became acidic to litmus, then stored in the refrigerator. Transfers 
were made at 7 to 10 day intervals. 

The inoculum medium contained, per 5 ml., 2.5 ml. of basal medium 
(Table I) and 30 mg. of yeast extract. A loop transfer was made from the 
stock culture to the inoculum medium and incubated at 37° for 18 to 26 
hours. The cells were centrifuged, washed once in sterile water, resus- 


I 
Composition of Basal Medium 
| medium 
meg. 
Amino acids 0 Oleic acid 2.0 
Glucose | 2.0 Tween 40 200 
Sodium acetate | 2.0 Ascorbic acid 60 
KH: PO. | 0.10 Calcium pantothenate 80 
K:HPO, | 0.10 | Nicotinic acid 80 
MgSO, | 0.16 Riboflavin 80 
Thiamine 40 
| 
MnSO,-4H:0 24.0 p- Aminobenzoie acid 40 
FeSO,-7H,O | 4.0 | Pyridoxal hydrochloridet 1000 
NaCl 4.0 Folic acid ) 2.0 
CaCl: 5.5 Biotin | 0.4 
Adenine sulfate 2.0 
Guanine hydrochloride = 2.0 
Uracil 2.0 
Thymidine} 0.8 | | 


— — — — — 


»The amino acid mixture described by Henderson and Snell (9) was used. 
¢t Pyridoxamine phosphate (10 ) permits faster and heavier growth. 
t Supplied by a partially purified digest of desoxyribonucleic acid. 


pended in sterile water, and diluted to a reading of 90 on the Evelyn 
colorimeter. Such a suspension shows barely visible turbidity; 1 drop was 
used to inoculate each 10 ml. of assay medium. 

Assay Procedure—Samples for assay were pipetted into 18 X 150 mm. 
culture tubes and diluted to 5 ml. with distilled water. 5 ml. of the basal 
medium (Table I) were added. The tubes were capped, then autoclaved 
at 120° for 6 to 7 minutes. After cooling, they were inoculated and incu- 
bated at 37°. Growth was determined turbidimetrically with the Evelyn 
colorimeter (660 mu filter) after the desired incubation period. When 
materials were limiting, assays were scaled down to a total volume of 6 ml. 
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Results 


Effect of Supplementary Amino Acids on Growth of L. delbrueckii—In the 
instances previously examined (1, 4), high concentrations of individual 
amino acids duplicated the growth-promoting effects shown by their pep- 
tides at much lower concentrations. As a means of implicating peptides 
possibly involved in the nutrition of L. delbrueckii, the effects on growth of 
high levels of supplemental amino acids were determined. Those amino 
acids showing a definite effect are listed in Table II. Histidine greatly 
stimulates growth; phenylalanine, tyrosine, tryptophan, and lysine show 
much less pronounced effects. The medium in which these effects are 


II 
delbrueckii 
| Per cent of incident light transmitted® 
| — — — 
Addition to basal medium re Incubation time 
rs wes | 

— — — — — | 
r 100 92 82 
L-Histidine-HCl............... | 5.2 89 77 65 
| 4.8 98 86 76 
pi-Phenylalanine.............. 4.8 99 89 77 
bl Tryptophan 4.8 99 88 77 
b 4.8 97 | 87 73 


| 


* Uninoculated medium = 100. 


noted contains each of these amino acids in what by ordinary standards is 
considered an excess (9). It must therefore be concluded that some im- 
pediment to utilization of these free amino acids exists in this test organism. 

Comparative Activities of Histidine and Histidine Peptides The stimu- 
lating effects of histidine are most noticeable between 15 and 28 hours of 
incubation (Table II). Histidine was omitted from the basal medium and 
the activities of histidine and several of its peptides were determined during 
this time interval (Fig. 1). Histidine peptides proved far more active than 
histidine in promoting growth. The amount of the most active histidine 
peptides required for growth supplies an amount of histidine very similar 
to that required by organisms such as Streptococcus faecalis, which utilize 
the free amino acid efficiently. The most active of the peptides tested are 

We are indebted to Dr. V. du Vigneaud for samples of each of the histidine pep- 
tides tested. 
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carnosine (8-alanyl-I-histidine), p-alanyl-t-histidine, and a-amino-n-buty- 
ryl-L-histidine, which contain amino acid residues not normally found in 
proteins. However, peptides of histidine with the common L-amino acids 
also show enhanced activity whether these are tested in a histidine-free me- 
dium or in the histidine-containing basal medium. The comparative activ. 
ities of histidine and several peptides under the latter conditions are shown 
in Fig. 2. This high activity of histidine peptides indicates that they are 
primarily responsible for the growth-promoting effects of partial protein 
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Fic. 1. The comparative activities of histidine and its peptides in supporting 
growth of L. delbrueckii. Histidine was omitted from the basal medium used. 
Curves A, B, C, and D show the responses to carnosine, p-alanyl-.-histidine, a- 
amino-n-butyryl-L-histidine, and 1-histidine, respectively. Incubation time, 17 
hours. 


hydrolysates for this organism. This supposition is confirmed by trials 
summarized elsewhere (10). 

Effect of Histidine on Comparative Activities of Tyrosine and Tyrosine 
Peptides—As indicated in Table II, certain other amino acids show growth 
effects in the basal medium used here. These effects are much less pro- 
nounced than those of histidine, and separate tests have shown that they 
are not observed when the medium contains sufficient histidine to permit 
maximal growth. Tyrosine was chosen as representative of these amino 
acids, and its activity was compared with that of several of its peptides. 
The peptides proved many times more active than free tyrosine (Fig. 3). 
When an excess of histidine was added and tyrosine was omitted, however, 


0,% 


NSMITTE 


INCIDENT LIGHT TRA 


A 
/ 
0 L. de 
tion 
80 L-his 
3-L-a 
| 
Fr 
tides 
nosin 
hist ic 


v. J. PETERS, J. u. PRESCOTT, AND E. k. SNELL 525 
7 
| 
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2 
1 i 1 1 
0 10 20 30 40 50 
MICROGRAMS PER 6 ML. 
Fic. 2. The comparative activities of histidine peptides in supporting growth of 


L. delbrueckii. 


The basal medium contains 1 mg. of L-histidine per 10 ml. 


Incuba- 


tion time, 18 hours. Curve A, L-a-amino-n-butyryl-.-histidine; Curve B, p-alanyl- 
Lhistidine; Curve C, glycyl-t-histidine; Curve D, Curve E, 


8-L-aspartyl-.-histidine; Curve F, t-histidine. 
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Fic. 3. Stimulation of L. delbrueckii by .-histidine, L-tyrosine, and their pep- 
tides on the complete basal medium. Incubation time, 17 hours. Curve A, car- 
nosine; Curve B, t-leucyl-L-tyrosine; Curve C, I-prolyl-L-tyrosine; Curve D, 1 


histidine; Curve E, 1-tyrosine. 
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maximal growth effects were obtained on addition of small amounts of co 
tyrosine, and tyrosine and its peptides showed approximately equimolar 5 
activities (Fig. 4). 

These observations defy detailed interpretation, but may indicate a recip- 
roca] relationship in which an excess of either tyrosine or histidine promotes 
more efficient utilization of the other amino acid. Under conditions that 
prevent efficient utilization of free amino acids, utilization of their peptides 
proceeds unhindered. Under these latter conditions, therefore, the pep- 
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Fic. 4. The comparative activities of tyrosine and tyrosine peptides for L. del- 
brueckii in a tyrosine-free medium supplemented with excess (5 mg. per 6 ml.) his- 
tidine. Incubation time, 17 hours. Curve A, L-leucyl-L-tyrosine; Curve B, t-ty- 
rosine; Curve C, I- prolyl- i- tyrosine. 


tides show greatly enhanced activities as compared with the free amino 
acids. 

Hydrolysis of Histidine Peptides by L. delbrueckii In previous instances 
examined, cells have proved capable of hydrolyzing growth-promoting pep- 
tides, even though these surpassed their component amino acids in growth- 
promoting activity (1, 4). By exactly similar techniques, disappearance 
of p-alanyl-t-histidine by incubation with resting cells of L. delbrueckii 
with simultaneous appearance of alanine was readily demonstrated. Hy- 
drolysis of carnosine could not be demonstrated by the same technique; 
this, however, does not preclude such hydrolysis by growing cultures of the 
test organism. 
Development of Histidine-Sensitive Mutant of L. delbrueckiti—During a 16 
to 24 hour assay period only those tubes which contained 300 to 800 y or 
more of free histidine showed detectable growth (Fig. 1). If incubation is 
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continued, the sequence of events illustrated by the growth curves of Fig. 
5 occurs. The culture does not grow without added histidine, but does 
utilize lower levels of histidine with increasing efficiency. Higher levels of 
histidine (above about 300 y per 10 ml.) prevent development of this abil- 
ity, as evidenced by the dip in the dose-response curve at these concen- 
trations. 

Cells that have grown in this way on small amounts of histidine behave 
quite unlike the parent culture. Upon subculture, they grow as rapidly 
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“0 20 40 60 80 100 ‘200 400 600 600 1000 ‘2000 3000 
MICROGRAMS HISTIDINE HYDROCHLORIDE PER 6 ML. 


Fia. 5. Effect of time on the response of L. delbrueckii to histidine. Histidine 
was omitted from the basal medium. Incubation at 37° for the time indicated. 


with low levels of histidine as with peptides of histidine (Fig. 6). Indeed, 
on the molar basis, histidine is slightly more active than carnosine. This 
ability to utilize small amounts of histidine is retained through repeated 
transfers in litmus milk. 

This change of L. delbrueckii in its behavior toward histidine appears to 
be a true mutation rather than an adaptation. Emergence of the mutant 
as the predominant element in the population occurs when histidine pep- 
tides or large amounts of free histidine are not available. Separate trials 
have shown that other nutritional requirements of the mutant culture of 
L. delbrueckii are exactly the same as those of the parent culture. 

Attempts to Explain Insufficiency of Smal! A mounts of Histidine for Parent 
Culture of L. delbrueckii—The possibility that one or more of the constit- 
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uents normally present in the synthetic medium might be antagonistic to 
histidine and thus prevent the effective assimilation of low levels of this 
amino acid was investigated. Each substance employed in the medium 
was omitted individually; then the effect of adding increasingly large 
amounts on the response to a constant level of histidine was observed. 
No antagonistic effects were noted. 


0, % 
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Fic. 6. The comparative growth responses of parent and mutant cultures of L. 
delbrueckii to histidine and ecarnosine. Histidine was omitted from the basal me 
dium. Incubation time, IS hours. Curve A, response of mutant culture to L-his- 
tidine; Curve B, response of mutant ( and parent (A) culture to carnosine; Curve 
C, response of parent culture to L-histidine. 


Certain bacteria possess a histidine decarboxylase which attacks histidine 
to form histamine (11, 12). The possibility that free histidine, but not its 
peptides, was being destroyed in this or some other way was tested. Di- 
rect manometric tests with resting cells showed no histidine decarboxylase 
to be present. Similarly, no histamine could be detected on paper chro- 
matograms of a histidine solution incubated with cells and buffers in the 
range pH 3 to 7. Finally, heavy suspensions of cells were incubated for 
48 hours in the complete basal medium containing histidine. Growth oe- 
curred under these conditions. Following incubation, the fate of the his- 
tidine was determined by microbiological assay. The results (Table III 
failed to show any destruction of histidine by the test organism. 

Possible degradation products and derivatives of histidine were tested 
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for antagonistic effects against histidine. None of the compounds tested 
(urocanic acid, imidazolecarboxylic acid, imidazolelactic acid, imidazole 
aldehyde) had such effects. 

From these experiments, it appears that neither is free histidine de- 
stroyed nor its assimilation prevented by antagonistic amino acids in the 


Taste III 


— -~ 


L-Histidine added 
L-Histidine foundt 


* Culture incubated 48 hours at 37° (see the text). 
t Histidine was determined by assay with S. faecalis. The cells were hydrolyzed 
before assay by autoclaving at 120° with 3 x HCI for 15 hours. 


Taste IV 


Comparative Uptake of Histidine or Carnosine by Parent and Mutant 
Strains of L. delbrueckii* 


| Parent strain Mutant strain 

L-Histidine added. ....... 105 52 196 105 52 
L-Histidine found after incubation 

In supernatant liquid .............. 103 56 22 75 10 12 

609 27 15 68 28 14 
Uptake of t-histidine. 21 2 138 53 7 20 
Carnosine added 190 190 
Carnosine found after incubation 

In supernatant liquid.............. | 90 | 85 

“ washings...... 54 684 
Uptake of carnosine... .... 16 581 


„ee the text for conditions. 


medium.“ Thus, neither of the explanations previously found (I, 4) for 
the heightened activity of peptides as opposed to their component amino 
acids is applicable in this case. 

Since most of the amino acids of the basal medium are essential for growth of 
the test organism, they cannot be eliminated entirely from the medium without 
preventing growth. It is possible that certain of them reach maximal concentra- 
tions within the cell at very low external concentrations. If such an amino acid 
were antagonistic to histidine, increases in its concentration in the medium would 
not necessarily depress the response to a limiting amount of histidine. For this 
reason, the possibility that the results described here result from action of an antag- 
onistic amino acid cannot be wholly eliminated. 


Recovery of Histidine from Growing Cultures of L. delbrueckii* F 

* 

| 480 

In cells. 34 : 
medium 442 
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Comparative Uptakes of Histidine and Carnosine by Cells of Parent and 
Mutant Strains—The availability of the mutant culture, differing from the 
parent strain only in its ability to utilize small amounts of histidine, made 
possible an experiment to determine whether cells of the parent strain were 
freely permeable to histidine. Cells of both cultures were obtained by 
growing them separately in the histidine-free basal medium supplemented 
with a slightly suboptimal (5 y per ml.) amount of carnosine. They were 
centrifuged, washed several times with water, and finally packed by pro- 
longed centrifuging. To0.5 ml. of packed cells (about 150 mg., dry weight) 
of the appropriate culture was added 0.5 ml. of a solution containing either 
Lhistidine or carnosine. The cells were suspended uniformly and incu- 
bated at 27° for 45 minutes with occasional gentle shaking. They were 
then recentrifuged, the supernatant liquid removed, and the cells washed 
once with water. Supernatant fluid and washings were separately diluted, 
then assayed for L-histidine with S. faecalis, or for carnosine with the parent 
strain of L. delbrueckii. The results (Table IV) demonstrated that the 
parent strain of L. delbrueckii took up distinctly less histidine than did the 
mutant strain. Equal amounts of carnosine were taken up by the two 
cultures. The experiment was repeated several times with similar results. 


These results indicate that the high activity for L. delbrueckii of histidine 
peptides as compared with that of free histidine, cannot be explained in 
terms of either of the mechanisms found to apply in other instances of this 
phenomenon (1, 4).“ Rather, it appears due to the fact that the parent 
strain of this organism cannot remove histidine from dilute solutions with 
the same facility as it does histidine peptides. Whether this inability to 
remove histidine from solution results from a lowered permeability of the 
cell wall to this amino acid, or from a lack or inactivity of receptor mech- 
anisms for histidine inside the cell, cannot be determined from these results. 
Whatever the metabolic defect may be, it is not shared by the mutant 
strain, which utilizes free histidine efficiently. In contrast to their be- 
havior toward free histidine, both strains absorb carnosine equally well, as 
would be expected from the fact that this peptide is equally active in 
supporting growth of the two organisms. 

The most active of the histidine peptides contain amino acids (e.g. 8 
alanine, a-amino-n-butyric acid) that do not occur in proteins. This indi- 
cates rather conclusively that the peptides cannot be incorporated directly 
into proteins of the test organism. As appears from this and preceding 
papers of this series (1, 4), postulation of such direct utilization is not 
necessary to explain the heightened growth-promoting properties of pep- 
tides as opposed to the corresponding free amino acids. 
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Hydrolysis of at least some of the active peptides (e.g. p-alanyl-z-histi- 
dine) can be effected by the test organism, but whether such hydrolysis is 
a prerequisite to utilization of the amino acid, or whether transfer of the 
histidine to other peptidic combinations can occur without hydrolysis, can- 
not be decided from present data. 


SUMMARY 


The growth-promoting action of partial hydrolysates of casein for Lac- 
tobacillus delbrueckii in synthetic mediums is duplicated by very high 
amounts of histidine. Phenylalanine, tyrosine, tryptophan, or lysine is 
considerably less active. Histidine peptides are far more active than is 
free histidine. Similarly, tyrosine peptides are more active than is tyro- 
sine, although much less active than histidine peptides in supporting 
growth. The stimulatory action of partial protein hydrolysates for this 
organism is ascribed to the combined action of peptides of these amino 
acids. The most active single peptides found were p-alanyl-L-histidine, 
a-amino-n-butyryl-L-histidine, and carnosine. These peptides contain 
amino acids not normally found in proteins; the peptides are not, therefore, 
utilized by direct incorporation into the protein molecule. 

No amino acids or other nutrients antagonistic to histidine were found 
in the basal medium. Neither resting nor growing cultures of L. del- 
brueckii destroyed histidine. It is probable, therefore, that neither of the 
previously discovered (1, 4) mechanisms by which peptides exert growth 
effects not shared by their component amino acids can explain the high 
activity of histidine peptides for this organism. 

On prolonged incubation of L. delbrueckit with small amounts of histi- 
dine, a mutant develops which utilizes free histidine equally or more effec- 
tively than histidine peptides. The latter promote growth of the mutant 
and parent culture with equal effectiveness. Heavy suspensions of mutant 
cells removed free histidine from solution more effectively than did cells of 
the parent culture. Both cultures were equally effective in removing his- 
tidine peptides from solution. This inability of the parent culture to con- 
centrate free histidine rapidly from dilute solution, an ability which it 
retains for histidine peptides, may explain the requirement for peptides of 
histidine for rapid growth. 
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V. SERINE PEPTIDES AND GROWTH OF LACTOBACILLUS 
DELBRUECKII 9649° 


By J. M. PRESCOTT, VINCENT J. PETERS, ann ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Tezas, and the Clayton Foundation for Research, Austin, Tezas) 


(Received for publication, November 26, 1952) 


Several instances in which peptides show greater growth-promoting ac- 
tivity than equimolar amounts of their component amino acids are known. 
Analysis of individual cases of this phenomenon has shown a different 
explanation to apply in each of the three instances so far examined (1-3). 
Investigation of additional cases therefore seems warranted. 

In Paper IV (I), the röle played by histidine and its peptides in stimu- 
lating growth of Lactobacillus delbrueckii was described. In a slightly mod- 
ified medium, growth of this organism is inhibited by alanine, and this 
inhibition is overcome by serine or its peptides. The latter are far more 
effective than is serine. These studies, described below, provide a second 
example (cf. Kihara and Snell (3)) in which assimilation of a free amino 
acid, but not that of its peptides, is inhibited by an antagonistic amino 
acid present in the medium. 


EXPERIMENTAL 


Culture Techniques and Basal Medium Procedures for carrying the test 
organism, growing inocula, and culture techniques in general were the same 
as those described previously (1). Basal Medium I, used in the previous 
investigation, was modified by replacing its amino acids with the mixture 
described by Sauberlich and Baumann (4). The latter mixture was used 
in a concentration sufficient to supply the same total amount of amino 
acids used in Medium I. This modified basal medium is referred to as 
Medium II. Medium IIA is prepared from Medium II by addition of 233 
mg. of L-histidine hydrochloride and 167 mg. of bi- alanine per 100 ml. of 
the double strength medium. Medium II supplemented with 167 mg. of 
pi-serine per 100 ml. of the double strength medium is referred to as 
Medium ITB. 


Results 
Effects of Supplementary Amino Acids on Growth in Medium I1—Effects 
of additional amounts of individual amino acids on growth of L. delbrueckii 
* For Paper IV of this series, see Peters, Prescott, and Snell (1). 
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in Medium II were determined (Table I). Histidine and to a lesser extent 
tyrosine and tryptophan stimulated growth on this medium, as they did 
in Medium I (1). Separate trials showed that peptides of histidine exerted 
the same growth effects in this medium as those described earlier; details 
of these studies are therefore omitted. Serine is slightly stimulatory in 
Medium II, whereas alanine is distinctly inhibitory (Table I). Neither 
effect was noted in Medium I. 

Counteraction of Alanine Inhibition by Serine and Serine Peptides*—An 
antagonistic relationship between serine and alanine has been previously 
reported (5-8). Suitable trials showed that in this instance, also, a com- 
petitive relationship exists between these two amino acids (Table II). 


Taste I 
Effects of Supplementary Amino Acids on Growth of L. delbrueckii 
Per cent incident light transmitted*® 
Addition to Medium II Gmgune pa Incubation time . 
13 brs. 18 brs. 23 brs. 

97 89 76 
L-Histidine - HC [l 5 89 69 60 
5 99 97 93 
D 5 98 86 78 
8 | 95 83 70 
e | 3.6 96 86 72 


* Uninoculated medium = 100. 


Separate trials showed that D- and L-alanine are equally effective in pro- 
ducing the inhibition, but only L-serine is effective in overcoming it. None 
of the other stimulatory amino acids, including histidine, can reverse the 
alanine inhibition. 

The previous demonstration that peptides of an amino acid were more 
effective than the free amino acid in overcoming inhibition by an antago- 
nistic amino acid (3) suggested that serine peptides might be more effective 
than serine in promoting growth under these conditions. That this is so 
is evident from Table II and Fig. 1. On a molar basis, the serine peptides 


This finding emphasizes the great complexity in the relationships between es- 
sential nutrients for organisms of the type used here. Medium I contains more 
alanine, but no more serine, than Medium II; yet stimulation of growth by added 
serine is not observed in the former medium. 

* We are indebted to Dr. J. S. Fruton for the serine peptides used in this investi- 


gation. 
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are 15 to 90 times as active as L-serine itself when tested in Medium II. 
If additional alanine is added, more serine is required to counteract its 
Taste II 


Antagonistic Relationship of Alanine to Utilization of Serine 
or Glycyl-.-serine by L. delbrueckii* 


f | L-serine 
ot mg. per 6 mi. 1 per 6 mil. | 1 per 6 mil. 
3 90 | 3.5 
5 180 | 8.0 
7 230 | 10.0 
10 | 14.0 
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Medium IJ; incubation time, 20 hours. 


INCIDENT LIGHT TRANSMITTED, 1 


10 20 30 40 SO 60 70 80 890 100 
MICROGRAMS PER 6 ML. 

Fic. 1. Comparative effectiveness of serine and its peptides in counteracting in 
hibition of L. delbrueckii by alanine in Medium II. Incubation time, 21 hours. 
1-Alanyl-t-serine, A; L-serylglycine, A; L-seryl-t-alanine, O; glycyl-t-serine, @; 
L-seryl-L-serine, Q; pi-serine, 


inhibitory effects; the requirement for serine peptides (as typified by glycyl- 
L-serine, Table II) is increased in about the same proportion. Thus, al- 
though much more effective than 1-serine in counteracting inhibition by 
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alanine, the L-serine peptides tested are not non-competitive antagonists 
of this amino acid. 

Hydrolysis of Serine Peptides by L. delbrueckii—Previous studies (2, 3) 
have shown that peptides may be hydrolyzed by bacteria, even when they 
surpass their component amino acids in growth promoting activity. By 
entirely similar methods (3), resting cells of L. delbrueckii were shown to 
hydrolyze the peptides of serine examined here (Fig. 2). 


R,| WITH CELLS WITHOUT CELLS O 
L) 
9 
pif 


Fic. 2. Paper chromatogram showing the hydrolysis of serine peptides by cells 
of L. delbrueckii. Hydrolysis was carried out by incubating cells and peptides in 
phosphate buffer at pH 6.2 for 18 to 21 hours at 37° (cf. (3) for exact conditions). 
The chromatogram of the supernatant fluid was developed in 80 per cent pyridine, 
20 per cent water. 


Growth Promotion by Partial Hydrolysates of Protein—From the results 
presented in this and Paper IV (1), it is apparent that the identity of the 
peptides responsible for the stimulatory effects of partial digests of protein 
for L. delbrueckii varies with the basal medium in which the organism is 
grown. In Medium I, histidine peptides (aided by peptides of tyrosine, 
phenylalanine, and tryptophan) should be primarily responsible for the 
stimulation (1). In Medium II, histidine and serine peptides should be 
the effective substances. To permit separation of the effects of the two 
groups of peptides, an excess of histidine was added to Medium II and 
growth was suppressed by adding bi-alanine. In the modified medium 
(Medium ITA), only serine peptides (or much larger amounts of serine) 


Ss 


INCIDENT LIGHT TRANSMITTED, & 


1 1 
0. 0.2 0.3 


MILLIGRAMS PER 6 ML. 


Fic. 3. Comparative activities of partially hydrolyzed proteins, serine, and 
glycyl-L-serine in counteracting inhibition of L. delbrueckii by alanine in Medium 
IIA. Ineubation time, 20 hours. Hemoglobin, ©; pu-serine, A; egg albumin, A; 
glycyl-L-serine, ; silk fibroin, O. 


INCIDENT LIGHT TRANSMITTED, 


L * 1 
0 0. 0 2 03 
MILLIGRAMS PER 6 ML. 


Fic. 4. Activities of partially hydrolyzed proteins, histidine, and carnosine in 
stimulating growth of L. delbrueckii in Medium IIB. Incubation time, 16 hours. 
L-Histidine hydrochloride, A; egg albumin, A; carnosine, @ ; silk fibroin, O; hemo- 
globin, Q. 
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permit growth. Similarly, by adding an excess of serine to Medium II, a 
medium in which the response is more specific for histidine peptides is 
secured (Medium IIB). 

Samples of hemoglobin (6.5 to 8.5 per cent histidine, 5.1 to 5.5 per cent 
serine (9)), egg albumin (1.5 to 3.0 per cent histidine, 7.5 to 9.5 per cent 
serine (9)), and silk fibroin (0.3 per cent histidine, 10 to 14 per cent serine 
(9)) were autoclaved at 120° in 1 Nn HSO. for 12 hours. After cooling, 
sulfate was removed with barium hydroxide. Amino nitrogen analyses on 
the egg albumin hydrolysate before and after complete hydrolysis gave a 
calculated value of 1.5 for the average number of amino acid residues per 
peptide at this time, and assay with L. delbrueckii in Medium II showed 
maximal values for growth-promoting activity. The three hydrolysates 
were then compared with a representative peptide and the appropriate free 
amino acid for growth-promoting activities in Media IIA and IIB (Figs. 
3 and 4). In accordance with prediction, the order of effectiveness of the 
hydrolysates in Medium IIA is the reverse of that in Medium ITB, but in 
both media is that expected from a consideration of their contents of 
serine and of histidine. From the amounts required, it is obvious that the 
hydrolysates owe their activity primarily to their content of peptides of 
serine (Fig. 3) or histidine (Fig. 4) and not to the free amino acids. Pure 
reference peptides equal or surpass the hydrolysates in activity in each 
case. 


DISCUSSION 


Kihara and Snell (3) showed that peptides of L-alanine greatly surpassed 
free L-alanine in counteracting the inhibitory effects of p-alanine on growth 
of Lactobacillus casei, and postulated that a similar unrecognized relation- 
ship between other antagonistic amino acids might explain many cases in 
which partial hydrolysates of protein stimulated growth of microorganisms. 
The current findings of growth stimulation by serine peptides are exactly 
in accord with this prediction and emphasize the general nature of the 
relationship. Here, the inhibitory amino acid, alanine, prevents one of 
the reactions necessary for utilization of the structurally related amino 
acid, serine. The structurally dissimilar serine peptides supply serine in 
a form readily utilizable for growth but much less susceptible to alanine 
inhibition. Serine peptides are thus 15 to 90 times more active than serine 
in overcoming these inhibitory effects. The effects of alanine begin to 
exert themselves at concentrations in which this amino acid is commonly 
used in synthetic media, and hence partial protein hydrolysates stimulate 
growth in such media at concentrations much lower than the unphysi- 
ologically high amounts of serine required. 

An explanation similar to that suggested earlier (3) for the relationship 
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between p- alanine, L-alanine, and L-alanine peptides would satisfactorily 
account for the results presented here. According to this view-point, ala- 
nine would inhibit passage of L-serine, but not of serine peptides, through 
the cell wall. Once inside the cell, the serine peptides could be hydrolyzed 
prior to use, as they are by resting cells. The fact that glycyl-.-serine 
does not overcome alanine inhibition non-competitively (Table II) would 
indicate either (a) a weak inhibitory effect of alanine on entrance of this 
peptide into the cell or (b) an antagonistic relationship between alanine 
and serine inside the cell in one of the reactions leading to protein synthesis. 
Other explanations are also possible, however. It is known, for example, 
that proteinases can catalyze transpeptidation reactions as well as hy- 
drolytic reactions (10). It is possible that a given serine peptide upon 
entrance into the cell undergoes transpeptidation to yield directly those 
serine peptides necessary for protein synthesis; the opportunity for alanine 
to interfere with utilization of free serine would then not be present when 
serine peptides were supplied to the organism. It is difficult to see, how- 
ever, how serine present at the carboxy] end of a dipeptide could be trans- 
ferred to other peptides by simple transpeptidation reactions, and, since 
such peptides are as active as those in which serine occupies the amino end 
of the peptide (Fig. 1), mechanisms, at present unrecognized, for such 
transfer without formation of free serine may exist. If so, the inability of 
alanine effectively to antagonize such a transfer would not be unexpected. 
Data permitting a decision between these and additional possibilities are 
difficult to obtain and are not yet available. 

Whatever detailed mechanism is finally arrived at, it is evident that the 
low activity of serine is due to inhibition of its assimilation at some stage 
by alanine, and that the high activity of serine peptides results from the 
fact that their assimilation is not affected to an appreciable degree. 


SUMMARY 

In a synthetic medium, either D- or L-alanine inhibited growth of Lacto- 
bacillus delbrueckii 9649. This inhibition was overcome by large amounts 
of L-serine or by small amounts of peptides of L-serine. The effective 
peptides were hydrolyzed by resting cells of the test organism. These ob- 
servations supply a second example in which the low activity of a free 
amino acid as compared with its peptides results from inhibition of utiliza- 
tion of the amino acid, but not of the peptides, by an antagonistic amino 
acid present in the medium. 

Due to their peptide content, partial hydrolysates of hemoglobin, egg 
albumin, and silk fibroin were much more active than the complete hy- 
drolysates or free amino acids in stimulating growth of L. delbrueckii. In 
Medium II, both histidine and serine peptides stimulate growth by inde- 
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pendent mechanisms. By addition of large amounts of serine, a medium 
more specific for histidine peptides is obtained, and on this medium the 
potency of the three hydrolysates fell in the order of their histidine content. 
This was the reverse of the order observed in a medium modified by addi- 
tion of histidine to make it more specific for serine peptides, in which the 
hydrolysates promoted growth in the order of their serine content. These 
results, together with those described previously (1-3), emphasize the im- 
possibility of ascribing the growth-promoting action of partial hydrolysates 
of protein, which has been observed for a variety of lactic acid bacteria, to 
any single peptide or group of peptides. 
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ADENOSINETRIPHOSPHATASE SYSTEMS OF MUSCLE 
I. AN ELECTROTITRIMETRIC METHOD OF MEASUREMENT“ 


By IRVING GREEN? anv W. F. H. M. MOMMAERTS{$ 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, November 21, 1952) 


In this paper, the principle and the experimental details of a new method 
for the measurement of the enzymatic hydrolysis of adenosinetriphosphate 
(ATP) will be described. We have developed this method while being 
aware that biological breakdown of ATP may not be a direct enzymic 
hydrolysis, but may involve other metabolic processes (Mommaerts (7)). 
The method is applicable to all such reactions, as far as they lead to aden- 
osinediphosphate (ADP) and phosphate as end-products and are not ac- 
companied by the net production or consumption of acid by other re- 


actions. 

The method is based on the fact that, upon hydrolysis of ATP to ADP, 
phosphoric acid is liberated (Lohmann (6)). By continuously titrating 
standard alkali into an enzymic digest, so as to maintain isohydric condi- 
tions, it is possible to follow the production of acid as a function of time.' 
Depending on the pH, a varying amount of acid is liberated per mole of 
ATP split (Alberty, Smith, and Bock (1)); knowledge of this ratio thus 
permits computation of the ATP splitting from the titrations. 

We report here investigations on the dependence of the acid formed per 
mole of ATP split on pH for a number of electrolyte mediums, together 
with practical details on the use of the method. 


EXPERIMENTAL 
Methods 


Myosin Myosin was prepared in pure form from rabbit muscle by 
the procedure described previously (Mommaerts and Parrish (8)), or with 


* This investigation was supported by a research grant, No. 11229, from the Na- 
tional Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

Part of a thesis to be submitted by Mr. Irving Green to the Graduate School of 
Duke University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

t Predoctoral Research Fellow of the United States Public Health Service. 

: This work was done during the tenure of an Established Investigatorship of the 
American Heart Association. 

' Colowick and Kalckar (3) have measured the drop in pH as an approximate in 
dex of ATPase activity. 
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modifications thereof (Green, Brown, and Mommaerts, in preparation). 
The preparations hydrolyzed the terminal phosphate of the ATP, but did 
not further hydrolyze or dismute the ADP formed, nor deaminate any 
component of the reaction system. 

M yofibrils—Myofibrils were prepared according to Perry (9), and myo- 
kinase was removed from these preparations according to Green, Brown, 
and Mommaerts (in preparation). 

Adenosinetriphosphate—The ATP used was procured as the barium salt, 
the purity of which was occasionally checked by ion exchange chroma- 
tography (Cohn and Carter (2)). It was dissolved in a slight excess over 
the calculated amount of HCl and was converted into its potassium salt 
by passage through a column of Amberlite IR-100 (or IR-120) or of Dowex 
50 in the potassium cycle. This procedure also removes traces of heavy 
metal (Polis and Meyerhof (10)). The purity of the substrate is essential, 
since high concentrations of ADP cause inhibition of the myosin, whereas 
adenylic acid (AMP) causes alkaline shifts due to deamination. We have 
also occasionally used a commercial preparation of the Na salt. 

Phosphate Determination—Determination of inorganic phosphate was 
performed according to Fiske and Subbarow (4), after deproteinization 
with trichloroacetic acid. These determinations were done shortly after 
each run to prevent errors due to slow decomposition upon standing in 
acid. 

Temperature—Most of the present data were obtained at 27°, since at 
37° the myosin-ATPase suffers rapid inactivation. 

Electrolyte Medium—Experiments were performed in various salt mix- 
tures and at pH values between 6.0 and 10.0, as described in the text. 
The desired pH was in each instance established solely by the addition of 
acid or alkali without buffer, since the continuous maintenance of the pH 
is a part of the method, and the addition of buffers would complicate the 
ionic composition as well as decrease the sensitivity. 

Apparatus—The reaction vessel was a 50 ml. capacity beaker, placed in 
the water of a thermostatically controlled bath. The reaction mixture 
(25 ml.) in the beaker is constantly stirred by a rotating bent glass rod, 
turning at 100 r.p.m., and a stream of washed CO,-free air is continuously 
passed over the surface of the liquid. The reaction vessel further contains 
a glass electrode and a calomel electrode, connected with a Beckman model 
G pH meter. Although pH values in excess of 9 to 9.5 and high concen- 
trations of sodium ions were used infrequently, a special glass electrode was 
employed to obviate the necessity of corrections in those cases in which 
a sodium error would appear. Standardized alkali (usually 0.01 x) was 
added to the reaction mixture by means of a screw micro burette, made 
from a graduated 1 ml. pipette, the drawn out tip of which was immersed 
below the surface of the fluid. 


eyes 


— 


FE SSA 


D 


1. GREEN AND w. F. H. Mu. MOMMAERTS 543 


Enzymic Run One incubates the entire reaction mixture, except for 
the ATP, for 5 minutes in the vessel in order to assure the proper tempera- 
ture and equilibrium with the CO,-free gas phase. The reaction is started 
by the addition of ATP, contained in 1 ml. of water. If the ATP and the 
other part of the system are initially at the same pH, an increased acidity 
will often result after mixing, due to the effects of the constituents of the 
reaction mixture upon the apparent ionization constant of the substrate. 
This circumstance would appear to be of no consequence, since the finally 
resulting pH can be taken as that of the experiment. However, it is de- 
sirable to predict approximately the pH at which an experiment is done, 
preferably at the pH at which the myosin has been incubated with the 
electrolyte medium. With sufficient experience in the method, one is 
able to adjust the pH of the ATP solution to a higher value, such that upon 
its addition to the reaction mixture the pH of the latter does not vary by 
more than 0.05 unit. The change in pH upon mixing can be greatly re- 
duced by adding to the ATP solution the same ions, in the same concentra- 
tions, as are present in the rest of the system. This method is, in general, 
to be recommended, but is laborious if a large number of different electro- 
lyte mixtures have to be investigated. 


Resulis 


The number of equivalents of acid generated by the liberation of 1 mole 
of phosphate will be termed the equivalence ratio. The graphical presenta- 
tion of this ratio as a function of pH is called the equivalence curve. The 
point at which this curve assumes an ordinate value of 0.5 will be called 
the mid-point, which is not necessarily the inflection point. 

The equivalence curve can, in simple cases, be calculated from the avail- 
able titration data (Alberty, Smith, and Bock (1)), but on account of the 
extreme complexity of the ionic interactions extensive experimental con- 
firmation is essential. This experimental determination involves the titri- 
metric measurement of the ATP splitting in a digest over a certain interval, 
followed by deproteinization and determination of the inorganic phosphate 
formed. We have performed such determinations for reactions which had 
reached completion as well as for such that were arbitrarily interrupted. 

Equivalence Curve for 0.15 « KCl—We have chosen the study of a me- 
dium containing 0.15 u KCl for the basic observations. Determinations 
were performed in large numbers, with different myosin preparations, and 
at various stages during the progress of the work. No systematic or ir- 
regular variations were encountered. Some of the results are shown in 
Fig. 1, from which the reproducibility of the method may be judged. 
Constancy of Equivalence Ratio—The data represented in Fig. 1 were ob- 
tained under fairly uniform conditions, at a protein concentration of about 
3.9 mg. per 25 ml. and an ATP concentration of about 8.0 um per 25 ml., 
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and by permitting the reaction to proceed to an appreciable extent. In 
additional experiments we have investigated the effect of varying the pro- 
tein concentration. Practical requirements with regard to a convenient 
reaction speed restricted these measurements to a range of protein concen- 
trations of 0.47 to 7.44 mg. per 25 ml. Within these limits, no significant 
variation was observed with respect to the position or the slope of the curve 
(Fig. 2). The equivalence curve was likewise independent of the ATP 
concentration within the limits 0.7 to 25 wm per 25 ml. (Fig. 2). 
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Fic. 1. Equivalence curve determined in 0.15 u KCl, at a protein concentration 
of 0.15 to 0.16 mg. per ml. and an ATP concentration of about 0.31 X 10 mole per 
ml. The ordinate indicates the number of equivalents of acid appearing upon 
hydrolysis of 1 mole of ATP. 

Fic. 2. Upper section, position of the equivalence curve (pH value corresponding 
to mid-point), measured as a function of the myosin concentration. Lower section, 
position of the equivalence curve as a function of the ATP concentration. 


In order to investigate the constancy of the equivalence ratio during the 
entire course of hydrolysis, we have at regular intervals taken samples 
from a reaction mixture for the determination of inorganic phosphate, 
while the progress of hydrolysis in the same mixture was continuously 
measured with the titrimetric method. For the evaluation of the latter 
data, the stepwise reduction of the volume of the reaction mixture due to 
the sampling was taken into account. Fig. 3 gives the results of this ex- 
periment. It is seen that the equivalence ratio remains constant through- 
out the course of the reaction in 0.15 m K. 

Effect of Various KCI Concentrations and of NaCl The results of meas- 
urements in solutions of KCI at different concentrations are shown in Fig. 
4. It is seen that variation of the KCl concentration over a wide range 
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does not affect the position of the equivalence curve. It has a small effect 
upon the slope at the mid-point which, although probably real, is not of 


practical importance. 
— 
6 +08 
0 
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Fic. 3. Liberation of inorganic phosphate and of acid, and constancy of the 
equivalence ratio, during the course of an enzymic run. 
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Fia. 4. Position (O) and slope at the mid-point (A) of the equivalence curve as 
a function of the potassium chloride concentration. The points in parentheses 
refer to experimental series taken close to the mid-point; hence only the position, 
not the slope, could be determined with accuracy. 


Fig. 5 gives individual points on the equivalence curve in 0.15 M NaCl, 
which coincide with those in KCl. In the sodium-containing medium, the 
reaction velocity is much lower; therefore prolonged runs are necessary. 
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Effect of Bivalent Ions—In the presence of a basic KCl concentration of 
0.15 m, we have investigated the effect of CaCl, in varying amounts, using 
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Fig. 5. Equivalence curve in 0.15 a NaCl (A) compared with the curve for 0.15 
m KCI (solid line). 

Fig. 6. Equivalence curve in 0.004 M CaCl; and 0.15 M KCl, compared to the same 
curve in KCl only (broken line). 
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Fic. 7. Dependence of the position (O) and the slope (A) of the equivalence 
curve in 0.15 m KCl as a function of the CaCl; concentration. 

Fic. 8. Enzymic splitting of ATP at pH 7.3 by myosin (3.9 mg. per ml.) in O. 10 U 
NaCl, to which KCI was added to the final concentrations indicated at the individ- 
ual curves. 


myosin or myofibrils as enzyme. As is shown in Figs. 6 and 7, the addi- 
tion of Ca causes no shift in the position of the curve, but induces a steeper 
slope by rotation of the curve around the mid-point. Less extensive ob- 
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servations with myofibrils indicate that the effect of magnesium is identical 
with that of calcium. 


DISCUSSION 


Applicability of Method 

Since subsequent papers in this series will provide various applications 
of the use of the method, reference to Fig. 8 will suffice to illustrate the 
results. It is seen that kinetic curves, from which the initial reaction 
velocity can be evaluated, are obtained with good accuracy. To arrive at 
similar curves with the method of direct phosphate determination would 
be extremely laborious. 

The method is, however, subject to certain limitations. In particular, 
it is essential that no other acid-producing or acid-consuming reactions 
should take place in the system. This excludes the application of the 
procedure to the study of complex tissue extracts or homogenates in which 
processes such as glycolysis or phosphocreatine splitting may occur. In 
case ATP is the only substrate present, but the medium has an unknown 
electrolyte composition (and perhaps, also, if it has an excessive protein 
content), it will be necessary to determine the equivalence curve em- 
pirically, as described. 

It is, furthermore, obvious that the method can only be applied in the 
pH range in which the hydrolysis of ATP causes an acidification. In KCl, 
no acid is liberated below about pH 5, and up to pH 6.0 the method is in- 
sensitive. With high concentration of Ca, the limit is situated at a higher 
pH, and, due to the increased steepness of the curve, determination of the 
pH is more critical. With Ca, near pH 6, a small alkaline shift has been 
observed. The method can be used at all higher alkalinities, and its reli- 
ability is highest around pH 9, at which 1 mole of phosphate corresponds 
to 1 equivalent of acid, independently of the pH and salt composition. 
With respect to the study of myosin, these circumstances are partly ad- 
vantageous, partly unfavorable. The behavior of myosin-ATPase is of 
interest at pH 9.0 to 9.5, at which its activity is high and its activation by 
calcium is pronounced; here, the method functions optimally. It is still 
applicable at the alkaline branch of the first pH optimum, but its precision 
diminishes on the acid side of this optimum (pH 6.0 to 6.3), particularly in 
high concentrations of bivalent ions (above 10“ m Ca“ or Mg). In 
that range, it is sometimes necessary to determine the equivalence ratio by 
direct phosphate determination with each individual run. At still lower 
pH, phosphate determination is the only method. 

While it is necessary, in principle, to determine the equivalence curve for 
every separate salt mixture, we have studied a sufficient number of exam- 
ples to allow certain generalizations. Thus, the curves obtained for KCl 
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solutions show that variations of the total ionic strength are by themselves 
of no consequence. The effect of bivalent ions upon enzymic activity can 
be studied without complication between plI 8.0 and 9.5, at which the 
equivalence ratio remains unity, as well as at pH 6.9, at which it remains 
0.5. These data make it possible to study many physiologically significant 
ion combinations without further methodological investigations. 


Theoretical Considerations 


In the reaction equation ATP — ADP + phosphate, 1 mole of phos- 
phate is liberated from 1 mole of ATP. Since the electrochemical proper- 
ties of ATP and ADP are closely similar, the equivalence curve is, in first 
approximation, the titration curve of primary phosphate. In second ap- 
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Fic. 9. Comparison of experimentally obtained curve (in 0.15 m KCl; O) witha 
dissociation curve for pK = 6.9 (solid line), and with the curve of Alberty, Smith, 


and Bock (broken line). 


proximation, however, the contribution of the other reactants must be 
taken into account in order to explain the shape and position of the equiv- 
alence curve. This problem has been discussed extensively for a single 
case by Alberty, Smith, and Bock (1). The present work raises additional 
theoretical problems, which will be treated in a subsequent publication by 
Alberty et al. (in preparation). In this section, only a few general remarks 
will be made. 


In Fig. 9, a comparison is made between our results obtained in 0.15 u 
KCl and a Henderson-Hasselbalch curve drawn for pK = 6.9. It is seen 
that the experimental curve does not follow the theoretical line which rep- 
resents the first approximation in the above sense (for an arbitrary pK). 
The same figure also contains the curve calculated by Alberty, Smith, and 
Bock from the dissociation constants obtained in concentrated solutions of 
ATP, ADP, and phosphate. The shape of this curve is no better approxi- 
mation to our data, and its mid-point is displaced from that of the experi- 
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mental curve by about 0.45 pH unit. We conclude from these differences 
that it is not justified to apply the dissociation constants obtained by 
Alberty et al. in concentrated solutions to our much more diluted systems. 

A noteworthy feature is constituted by the rotation of the equivalence 
curves induced by bivalent cations, apparently related to the formation of 
complexes. This will be discussed extensively in a subsequent paper by 
Alberty et al. (in preparation). 


The progress of this work has been greatly stimulated by Dr. R. A. 
Alberty of the University of Wisconsin, who made available to us the 
paper by Alberty, Smith, and Bock (1) prior to its publication, and made 
valuable suggestions regarding the interpretation of our results. 

Dr. Robert G. Parrish participated in earlier experiments, from which 
the present work resulted (5). 


An electrotitrimetric method has been developed for the study of the 
enzymic hydrolysis of ATP. The acid production per mole of substrate 


split has been extensively investigated with respect to its dependence upon 
the pH and the salt composition of the medium. 
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QUANTITATIVE ASPECTS OF ENZYMATIC CLEAVAGE OF 
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In recent years enzyme systems have been discovered which catalyze 
the transfer of the y-glutamyl radical of glutamine (glutamotransferase) 
and glutathione (GSH) to other amines (5). With glutamine as substrate, 
the exchange of the amide group with hydroxylamine, hydrazine, and 
isotopic ammonia was demonstrated with the formation of glutamohy- 
droxamic acid, glutamohydrazide, and glutamine labeled in the amide 
group, respectively (5-9). Despite intensive efforts, it has been impossible 
up to the present to demonstrate the transfer of the glutamyl radical of 
glutamine to amino acids (5, 10). On the other hand, the enzyme system 
catalyzing the transfer of the glutamyl radical of GSH to other amines 
appears to be specific for amino acids as acceptors (11, 12). Whereas 
glutamotransferase activity does not appear to be a property of glutaminase 
which splits glutamine into glutamic acid and ammonia, the transfer of 
the glutamyl moiety from GSH to amino acids may be catalyzed by a 
GSH-cleaving enzyme system. Pertinent in this respect is the recent 
preparation of an enzyme from hog kidney, which was only slightly active 
in liberating cysteinylglycine from the tripeptide unless activated by the 
addition of glutamine. The activation of the enzyme by glutamine was 
originally interpreted by the authors as a reactivation of the enzyme pro- 
tein by the amide and was held to be specific for glutamine (13). It ap- 
pears more likely that the activation could be explained by the transfer of 
the glutamyl radical to glutamine with the formation of y- glutamylglu- 
tamine (10, 12, 14). 

It appeared of interest to compare the efficiency of glutamine as ac- 
tivator with other amino acids and peptides and to ascertain, furthermore, 
whether y- glutamylglutamine could serve as a substrate for glutamotrans- 
ferase which had shown exclusive specificity for unsubstituted glutamine. 
The extent of the enzymatic removal of the glutamic acid portion of GSH, 
as activated by a variety of amino acids and peptides, was estimated by the 

* This study was supported in part by grants from the Rockefeller Foundation, 
the United States Public Health Service, and under contract between the New York 


State Psychiatrie Institute and the Office of Naval Research. Preliminary reports 
have appeared elsewhere (1-5). 
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use of the Sullivan reaction, which is negative with the tripeptide and may 
thus be used for the estimation of cysteine or cysteinylglycine liberated 
(15, 16). 

Purified preparations from kidney, liver, and brain served as sources 
of the enzyme system. For comparative purposes a kidney homogenate 
and a kidney fraction prepared according to Binkley and Olson (13) were 
used. 


EXPERIMENTAL 


Substrates—Commercial preparations of GSH, glutamine, and the amino 
acids (Mann Research Laboratories) were used unless otherwise stated. 
The source of the peptides employed is indicated in Tables I to VIII, 
respectively. Oxidized glutathione (GSSG) was prepared according to 
Rall and Lehninger (17). 

S-Benzylcarbobenzylory-L-cysteinylglycine' was prepared by the method of 
Boissonnas (18). Carbobenzyloxy-S-benzylcysteine (7.25 gm., 0.021 mole) 
and tributylamine (5 ml.) were dissolved in 25 ml. of dioxane and cooled 
to 10°. Ethyl chlorocarbonate (2 ml.) was added and the solution kept 
at 10° for 10 minutes, followed by the addition of glycine ethyl ester 
(2.2 gm., 0.021 mole) in 25 ml. of dioxane. When CO, evolution had 
ceased, the reaction mixture was brought to room temperature and 150 
ml. of water were added. The deposited oil was extracted with three 50 
ml. portions of chloroform. The chloroform layer was washed with 5 per 
cent HCl, 5 per cent NaHCO,, and water, dried over anhydrous sodium 
sulfate, and evaporated in vacuo to a small volume. Upon addition of 
petroleum ether, a crystalline precipitate was obtained which was recrys- 
tallized from chloroform-petroleum ether. Yield 6.9 gm., 0.016 mole; m.p. 
93-94° (94-95° (19)). The ester (6.0 gm., 0.014 mole) was saponified 
according to the method of Consden and Gordon (19) and the acid recrys- 
tallized twice from ethanol-water. Yield 5.2 gm., 0.013 mole; m.p. 86- 
88° (86° (19)). 

Call22N:0 (402). Calculated. C 59.7, II 5.5, N 7.0, S 8.0 
Found. 59.5, 5.6, 6.6, 8.0 


L-Cysteinylglycine—S-Benzylcarbobenzyloxy-L-cysteinylglycine (4.4 gm., 
0.011 mole) was reduced with sodium in liquid ammonia and the free 
peptide precipitated as the mercury salt (19). After decomposition with 
hydrogen sulfide, the peptide was freed of traces of sulfate with barium 
hydroxide and was recovered as a light brown powder (0.8 gm., 0.004 mole) 


We are indebted to Dr. E. Borek and Mr. A. Neidle for the synthetic work re- 
ported in this paper. 
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upon concentration of the solution in vacuo and addition of ethanol. For 
analyses the sample was dried at 130° in vacuo over phosphorus pentoxide. 


C,HwOsN 28 (178). Calculated. C 33.6, II 5.7, N 15.7 
Found, 33.8, “ 5.7, “ 15.3 


When dried at 25°, the sample gave an N content of 14.5 per cent (cal- 
culated, monohydrate N 14.3 (20)). The peptide was obtained in the 
reduced form. It gave a strong nitroprusside reaction, and the Sullivan 
reaction carried out after reduction with either cyanide or sodium amalgam 
(21) gave identical color densities. 

Method of Assay—The enzymatic hydrolysis of glutathione was esti- 
mated by a modified procedure of Sullivan and Hess (22, 16). To 2.5 
ml. of the reaction mixture were added 2.5 ml. of 25 per cent trichloroacetic 
acid and 8 ml. of distilled water. If a precipitate or heavy cloudiness 
appeared, the solution was centrifuged. When the purified enzyme was 
employed, only a slight cloudiness resulted which disappeared upon subse- 
quent alkalization. To a 2.5 ml. aliquot were then added in quick suc- 
cession 0.5 ml. of 2.86 nN phosphoric acid, 0.5 ml. of 6 N NaOH, and 1 ml. 
of a 5 per cent solution of NaCN in n NaOH, after which the procedure 
of Sullivan, Hess, and Howard (21) was used with the following amounts 
of reagents: 0.5 ml. of a 2 per cent solution of sodium §-naphthoquinone-4- 
sulfonate, 2.5 ml. of a 10 per cent Na,SO, solution in 0.5 N NaOH, 1 ml. 
of a 2 per cent solution of Na2S,0, in 0.5 N NaOH. 5 minutes after the 
last addition, the color densities were estimated in a Beckman 
photometer at a wave-length of 540 my against a blank of a mixture 
of the reagents. The optical densities measured were expressed in micro- 
moles of cysteine, according to a standard curve obtained with cysteine 
under identical conditions. In order to obtain constant and reproducible 
results, it has been found necessary to dissolve the cysteine-HCl used for 
the standard curve in the 5 per cent solution of NaCN in n NaOH. 
Aliquots were removed and the volume brought to 1 ml. with the NaCN 
reagent. 6 N NaOH, 2.86 n H, PO,, and 25 per cent trichloroacetic acid 
were then added, in that order, before addition of the color reagent. With 
these precautions, amounts as low as O. I um of cysteine could be estimated. 

Equal optical densities at 540 mu were given by cysteine and cysteinyl- 
glycine in the Sullivan reaction only ((16); Table I) if the pH of the reac- 
tion mixture was above 12. 7 prior to the addition of the color reagent (Beck- 
man type E glass electrode). This alkalinity was obtained by the use of 
2.86 x phosphoric acid and the amounts and strength of alkali given above. 

* After storage of 4 months over phosphorus pentoxide in vacuo, a considerable 


part of the peptide was present in the oxidized form, since it yielded color densities 
in the Sullivan reaction corresponding to 0.62 mole of cysteine per mole of peptide. 
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These conditions were adopted for all the experiments unless otherwise 
noted. When the pH before addition of the color reagent was lower 
(0.5 ml. of 5.54 * phosphoric acid), less color was developed with cysteine, 
whereas in the case of cysteinylglycine the color reaction was much less 
sensitive to pH changes (Table I). 

Determination of Enzyme Activity—For the determination of enzyme 
activity 3.3 um of glutathione were incubated for 10 minutes at 37° with 
13.5 um of glutamine or glycylglycine and varying amounts of the enzyme 
solution in 1 ml. of 0.1 m tris(hydroxymethyl)aminomethane buffer, which 
was 0.02 m with reference to KCN. After incubation, the Sullivan re. 
action was carried out as described above. 1 um of cysteine equivalent 
liberated during 60 minutes of incubation was taken as 1 unit of enzyme 
activity. Specific activity was expressed as the number of units per mg. 


I 
Color Development of Cysteine and Cysteinylglycine in Sullivan Reaction at Differing 
Alkalinity 
Optical density at 540 mp 
pH before addition of color reagent Ri A 
„ 
9.9 0.005 0.112 
12.7 0.102 0.102 


— —— — — — 


— —mʃ4ũ—᷑———— 


8 210 7 of cysteine (2 wm of cysteine) or 396 7 of eysteinylglycine (2 um of cysteinyl- 
glycine) were treated in a volume of 7 ml. with 1.4 ml. of sodium amalgam. 2 ml. 
aliquots; for pH 9.9, 5.54 * phosphoric acid; for pH 12.7, 2.86 x phosphoric acid. 


of protein. The protein content of the solutions was determined according 
to Lowry et al. (23). 

Detection of Pyrrolidonecarborylic Acid—The reaction mixture (2 ml.) 
containing the enzyme solution, GSH (with or without additional amino 
acids), KCN, and buffer was acidified after incubation to pH 2.5 with x 
H.SQ,. The solution was extracted for 16 hours in a continuous extractor 
with ethyl acetate. After evaporation of the solvent, the residue was dis- 
solved in dry ethyl acetate, the solution brought to dryness, and the 
procedure repeated twice. The final residue was taken up in 1 ml. of 
water. An aliquot of 0.5 ml. was heated at 100° for 3 hours after the ad- 
dition of 0.15 ml. of 6 * HCl and repeatedly brought to dryness after 
addition of water. The residue was taken up in 0.5 ml. of water and the 
pH adjusted to 6.8. This solution and the non-hydrolyzed sample as 
well as the extracted original reaction mixture were then analyzed by 
paper chromatography for the presence of glutamic acid (phenol- , 
ascending). 
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Preparation of Enzyme (Table II) In one of several runs of 
1850 gm. of sheep kidney cortex were blended with 1100 ml. of ice-cold 
0.1 m phosphate buffer (pH 7.5) and then treated in portions of 210 ml. 
with 400 ml. of cold n-butanol (— 15°) (24) for 90 seconds in a Waring 
blendor. The resulting emulsion was kept at —15° for 40 minutes. Most 
of the butanol was decanted and the remainder was removed by centrifug- 
ing at 18,000 X gat 4°. The aqueous layer was mixed with a total of 1850 


Taste Il 
Purification of Enzyme | from Sheep Kidney 
| Specific activities 18 
Fraction Total protein | Total 6% — Total ute, 2 
volume — — 
Glycyl- 
| 
Homogenate | 3.4° 10° 2.9 
AS 100f 8.6 430 29 74 250 ,000 2.5 
AS 35-70 5.4 1664 45 98 246 ,000 2.2 
AS 0-45 1.28 50 66 2.6 
AS 45-60 3.65 19 36 97 N 2.7 
AS 40-60 40 87 | 49 125 1098, 000 2.6 
AS 50-60 2.0 | 65 103 291 202 ,000 2.8 
AS 53-56 0.25 2 | 138 314 oem | 22 
AS 56-59 0.42 | 34 140 310 . 2.2 
After 4 mos. | 75 257 3.4 
© Average values obtained by testing several kidney homogenates under standard 
conditions 


Per cent ammonium sulfate saturation. Each succeeding line gives the limits 
of ammonium sulfate saturation between which the preceding fraction was frac- 
tionated. The discarded fractions (see the text) of weak activity are not incor- 
porated in Table II. All the values are corrected for blank values obtained without 
addition of activator. 


ml. of equal parts of 0.1 M NaHCO, and 0.1 « Na,CO;. The mixture was 
centrifuged at 18,000 X g and the supernatant fluid brought to pH 5 
with dilute acetic acid. The resulting precipitate was removed by cen- 
trifugation and the pH of the supernatant fluid adjusted to 6.8 with 0.4 * 
NaOH. The solution was saturated with ammonium sulfate and kept at 
4° for 3 hours. The precipitate was collected by centrifugation (18,000 
X g), dissolved in a minimum of 0.01 u phosphate buffer (pH 7), and di- 
alyzed against the same buffer at 4° for 18 hours (Fraction AS 100, Table 
II). 

The dialyzed solution was fractionated at 35 per cent (4 hours, 4°), 70 
per cent (4 hours, 4°), and full saturation (16 hours, 4°) with ammonium 
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sulfate. The three protein precipitates were taken up in minimal amounts 
of 0.01 M phosphate buffer (pH 7) and dialyzed against a large volume of the 
same buffer at 4° for 18 hours. The fraction obtained at 70 per cent satu- 
ration was subdivided by ammonium sulfate fractionation at 45 per cent 
(Fraction A), 60 per cent (Fraction B), and full saturation (Fraction C) 
and the precipitates freed from salt as described above. Fractions A 
and B were combined and fractionated at 40 (Fraction D) and 60 (Frac- 
tion E) per cent saturation, and Fraction E was divided by saturation at 
50 (Fraction F) and 60 (Fraction G) per cent. Fraction G was fractionated 
at a 50 (Fraction H), 53 (Fraction I), 56 (Fraction K), and 59 (Fraction L) 
per cent ammonium sulfate saturation. The dialyzed solution of the 
combined Fractions K and L was used for the experiments and was kept 
in the frozen state for 6 weeks without a decrease in activity. A ratio of 
optical densities at 260 and 280 my of 1.4 indicated extensive removal 
of nucleic acids (25). 

In a similar manner, purified enzyme preparations were obtained from 
calf liver and sheep brain. In contrast to the enzyme solution obtained 
from kidney and liver, those from brain proved to be very unstable and 
lost most of their activity after 2 days in the frozen state. 


Some of the kinetic data obtained with the different enzyme preparations 
which are necessary for a quantitative evaluation of the actions of various 
amino acids and peptides on the cleavage of GSH are given in Figs. 1 to 3. 
The cleavage of GSH increased with increasing glutamine concentrations 
when the experiments were carried out at pH 7.4 under the conditions 
selected. The rate of splitting at pH 8.6 increased up to a glutamine-GSH 
ratio of 4, but was considerably slower at higher glutamine concentrations 
(Fig. 1). Increased GSH concentrations lead to an inhibition of the cleav- 
age of the tripeptide as observed by Binkley and Olson (13). A ratio of 
4 of glutamine (or other y-glutamyl acceptors) to GSH was employed in 
most experiments to be reported. The rate of splitting of GSH at optimal 
concentrations of glutamine was dependent upon the enzyme concentration 
(Fig. 2) and, therefore, in all the experiments carried out for purposes of 
comparison of different activators, the same enzyme concentration was 
used. The cleavage of the tripeptide proceeded linearly for more than 30 
minutes (Fig. 2). The pH optimum of the purified glutamine or glycyl- 
glycine-activated kidney preparation was between 8.2 and 8.6. Glycyl- 
glycine was still a potent activator on the acid side of the pH optimum, 
where glutamine activation was very small. Therefore, the ratio glycyl- 
glycine to glutamine activation increased with decreasing pH (Fig. 3; 
cf. Table VI). At pH 5.9 considerable cleavage of GSH was found when 
large amounts of enzyme (0.6 mg. of purified kidney protein) were used, 
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67 H 20) 268 335 402 
MICROMOLES GLUTAMINE 
Fic. 1. Dependence of enzymatic GSH cleavage on glutamine concentration. 
@, pH 7.4, 2 ml. of “/15 phosphate buffer contained 3.3 um of GSH, 0.04 mg. of pro- 
tein, and the indicated amount of glutamine. , pH 8.6, 2 ml. of 0.1 u tris(hydroxy- 
methyl)aminomethane contained 3.3 ua of GSH, 0.04 mg. of protein, and the in- 
dicated amount of glutamine; incubation, 10 minutes at 37°. 
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Fic. 2. Dependence of glutamine-activated GSH cleavage on time and enzyme 
concentrations. X, time dependence. 14 ml. of 0.1 u tris(hydroxymethyl)amino- 
methane (pH 8.6) contained 45 um of GSH, 180 um of glutamine, 280 um of KCN, and 
0.28 mg. of protein (purified kidney extract); incubated at 38°. 2 ml. aliquots were 
removed at the indicated time intervals. @, dependence on enzyme concentration. 
5 portions of 2 ml. of 0.1 u tris(hydroxymethyl)aminomethane (pH 8.6) contained 
6.5 um of GSH, 13 ust of glutamine, 40 au of KCN, and the indicated amount of puri- 
fied protein; incubation, 30 minutes at 37°. 

Fic. 3. pH dependence of enzymatic glutamine or glycylglycine-activated cleav- 
age of GSH. 2 ml. contained 6.6 us of GSH, 26.4 um of glutamine (@, A) or glycyl- 
glycine (O, 39 mg. of the Binkley-Olson preparation (A), or 0.04 mg. of purified 
kidney protein (@, : pH 6 to 6.7, 1/15 phosphate buffer; pH 7.1 to 8.2, “/15 phos- 
phate buffer with 20 um of KCN; pH 8.2 to 8.8, 0.1 u tris(hydroxymethyl)amino- 
methane with 20 um of KCN; incubation, 30 minutes at 37°. 
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and the incubation time extended to 2 hours, but the GSH splitting was 
not enhanced by the addition of glutamine. A pH optimum of 8.2 to 8.6 
was also shown by a kidney homogenate (not shown in Fig. 3), while the 
optimum of the Binkley-Olson preparation was slightly to the acid side. 


Cyanide was originally added in all experiments in order to avoid oxida- 


tion of any cysteinylglycine or cysteine liberated. It may be seen from 
Table III that addition of cyanide in amounts smaller than or equal to 
that of the cysteine liberated gave maximal color densities and that 2000- 
fold increase of the cyanide concentration did not increase the amount 
of positive substances in the Sullivan reaction. The effect of cyanide was 


not duplicated by sodium sulfite or thioglycollate. The apparently specific 


Tant III 
Effect of Varying Concentrations of Cyanide on Enzymatic Splitting of Glutathione 
KCN Cysteine equivalents liberated 
0.44 
0.01 0.44 
0.04 0.69 
0.10 0.85 
0.4 0.85 
1.0 0.85 
3.0 0.87 
6.0 0.85 
200.0 0.86 


2 ml. contained 16.5 um of GSH, 13.5 um of glutamine, 0.04 mg. of protein, 0.1 u 
tris(hydroxymethyl)aminomethane, pH 8.5; incubation, 10 minutes at 37°. 


effect of small amounts of cyanide was found only with fresh enzyme 
solutions; a much smaller increase in color densities was obtained upon 
addition of cyanide in experiments in which aged enzyme was used. These 
results suggest that cyanide participates in the enzymatic reactions beyond 
its function as a reducing agent of GSH or the products of its cleavage. 

Cysteinylglycine was split only slightly by the purified enzyme prepara- 
tion. There was no change of color density in the Sullivan test upon de- 
crease of the pH of the reaction mixture. Actually a very slight decrease 
in color density was found with increasing alkalinity. When the ho- 
mogenate was used as a source of enzyme, the liberation of cysteine could 
be easily demonstrated by carrying out the Sullivan reaction at pH 9.9 
and 12.7 respectively (Table IV). 

In Tables V and VI are summarized the experiments in which the ef- 
ficiency of glutamine as an acceptor of the y- glutamyl radical was compared 
with that of the other amino acids and peptides by measuring the liberation 
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of cysteinylglycine. With most of the activators the liberation of cysteinyl- 
glycine was linear up to a period of 30 minutes. With the most potent 
activators such as glycylglycine and glycyl-L-alanine, the recorded figures 
correspond to a minimal value. The amount of cysteinylglycine liberated 
in the presence of glutamine as measured in the Sullivan reaction is given 
in Table V. For purposes of comparison the activation by glutamine 
was determined with each new enzymatic preparation used and set arbi- 
trarily at 100. Of all the amino acids tested only the S-substituted ho- 
mocysteines and y- glutamyl ester proved to be of equal or greater potency 


Taste IV 
Color Densities at Different Alkalinity of Sullivan Reaction of Enzymatic Digest of 
GSH and Cysteinylglycine 
Before addition of 
color reagent 
Protein Addition SH compound present pH 9.9 | pH 12.7 
ty 
at 540 mp 
1 — 
Homogenate 5.8 GSH (6.6) 0.01 | 0.014 
5.8 | Glutamine 27 66.6) 0.26 | 0.93 
Purified 0.8 ° Ge 0.50 0.41 
enzyme | 
0.08 | Glycylglycine | 47 (13.2) 0.290 0.23 
Cysteinylglycine (0.4) 0.17 0.16 
0.07 (0.4) 0.17 0.16 


All the experiments were carried out in a total volume of 2 ml. of 0.1 u tris(hy- 
droxymethyl)aminomethane, pH 8.5, containing 40 um of KCN; incubation, 30 min- 
utes at 37°. 


than glutamine. Next in potency came L-lysine, L-arginine, L-ornithine, 
and their derivatives, and L-alanine, whereas the other amino acids were 
considerably weaker activators. It appears that methionine, ethionine, 
homocysteine, and y-ethyl glutamate are potent activators because of 
their structural similarity to glutamine. p-Alanine, p-lysine, and p-serine 
were inactive in the system. The necessity of a free carboxyl group be- 
comes apparent from the fact that methionine amide was a much weaker 
activator than methionine. The peptides showed different behavior as 
activators. Most peptides in which the amino group of glycine was sub- 
stituted proved to be more potent activators than the corresponding glycy] 
peptides, with the exception of glycyl-t-alanine, which was one of the most 
effective activators encountered. Furthermore, it is interesting that, al- 
though glycylglycine was a strong activator, triglycine was as weak as 
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glycine itself. As was to be expected, formyl-t-glutamine, acetyl--glu- 
tamine, and acetylglycylglycine did not activate GSH cleavage. At pH 


7.4, glycyl-t-alanyl-, L-leucyl-, Lasparaginyl-, I-glutaminylglycine, and 
glycyl-Lalanine were more potent activators relative to glutamine than 


TaBLe V 
Enzymatic Cleavage of Glutathione in Presence of Amino Acids and Amides 
Activation 
Addition relative to Addition relative to 
glutamine = 100 glutamine = 100 
! — 
Glutamine 100(1 .62) 100(1 .38) 
L-Arginine 79 L-Glutamic acid 29 
L-Lysine 24 L-Proline 0 
p-Lysine* 0 L-Hydroxyproline 0 
L-Tryptophan 31 L-Ornithine 61 
Glutamine 100(1.61) | Sarcosine 14 
Glycine 23 Ethyl glutamate 125 
L-Alanine 64 L-Citrulline 73 
p-Alanine* 0 t-Methionine 155 
L-Phenylalanine 31 L-Methionine amide 42 
L-Tyrosine 27 L-Ethionine 155 
L-Leucine 21 L-Homocystine 78 
pt-Threonine 0 Hippuric acid 0 
p.-Serine 38 | p-Aminohippuric acid 0 
p-Serine® 0 a-Amino-y-hydroxyvaleric acid 42 


2 ml. of 0.1 u tris(hydroxymethyl)aminomethane, pH 8.5, contained 6.6 us of 
GSH and 27.2 um of the respective activator (of racemic compounds 54.4 um), 40 uw 
of KCN, and 40 y of purified kidney protein; incubated for 30 minutes at 37°. 

The values in bold-faced type represent the micromoles of cysteine equivalents 
liberated. 

The non-activated liberation of cysteine equivalents amounted with the purified 
enzyme to 5 to 6 per cent of the values obtained in the presence of glutamine. The 
values in this table are corrected for this blank. 

* We are indebted to Dr. J. P. Greenstein for a gift of the p-amino acids. 


at pH 8.6. This finding is explained, as pointed out above, by the different 
shape of the pH curves of GSH cleavage for different activators. 

These findings demonstrate that glutamine occupies no exceptional posi- 
tion as an activator of the GSH splitting and show, furthermore, that amino 
acids and peptides are of varying efficiency as activators. It is assumed 
on the basis of present evidence (12) that the mechanism of the activation 
consists in the transfer of the y-glutamy] radical from GSH to the acceptor 
amino acids and peptides. This varying efficiency of the activators intro- 


* duces the possibility of the preferential synthesis of certain y-glutamyl 


peptides under biological conditions. The observation that the only tri- 
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peptide tested is so much weaker than all the dipeptides may suggest a 
limiting chain length for peptides as acceptors of the y-glutamyl radical. 

The most potent extracts have been prepared from kidneys. The en- 
zyme system which splits glutathione by transfer of the y- glutamyl radical 
from cysteinylglycine to other amino acids and peptides has also been 
found in liver and brain (Table VII). 


1-Glutaminylglyeine (26) 


Taste VI 
Enzymatic Cleavage of GSH in Presence of Peptide* 
Age of enzyme preparation 
5-30 days 00 days 120 days 
pH 7.4 pH 8.6 pH 8.6 pH 8.6 
t-Glutamine.........ccccccsees 100 100 100 100 
Glycylglycine 370 220 342 
16 
t-Alanylglycinef............... 260 130 
Glycyl-t-alaninef.............. 340 220 
| 90 
t-Leucylglycinef............... 230 150 
280 
36 
200 


Glycyl-t-glutamine (26) ...... | 37 59% 
t-Asparaginylglycine (26)...... | 120 | 90 743 
Glyeyl-L-asparagine (26)....... 36 | | 34 451 


The figures in parentheses represent a bibliographic reference. 

* Conditions the same as in experiments of Table V. 

t We are indebted to Dr. J. S. Fruton, Dr. J. P. Greenstein, and Dr. W. H. Stein 
for these peptides. 

t 160 y of protein taken since glutamine activation with 40 v of enzyme gave one- 
half of the GSH cleavage found with fresh enzyme. 


On the basis of the present evidence it cannot be decided whether we 
are dealing with one enzyme system only which transfers the y-glutamyl 
radical from GSH to different amino acids and peptides or with several 
enzymes with specificities directed toward the acceptor amino acids or 
peptides. Although the ratio of glycylglycine to glutamine activation 
varied within a relatively narrow range during the purification of the kidney 
extract, the ratio increased from 2.2 to 3.4 during storage of the enzyme 
for 4 months (Table II). Four of the peptides tested with fresh, 2 month- 
or 4 month-old enzyme showed similar differences in their relative ef- 
ficiency as activators. However, a large variety of activators will have to 
be tested with further purified enzyme before a definite decision between 
the two alternatives can be reached. 
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That reduced GSH was a more effective donor of the glutamyl radical 
than GSSG is apparent from the fact that the cleavage of the reduced 
tripeptide proceeded at a considerably higher rate than that of the oxi- 
dized form, both in the presence and in the absence of glutamine, glycyl- 
glycine as acceptors, or of KCN (Table VIII). It is known (12, 1, 2, 5, 27) 
that GSH is not the only substrate of the enzyme system which transfers 
the y-glutamyl radical to other amino acids or peptides. Every +-glu- 
tamyl peptide synthesized so far seems to be able to serve as substrate. 
It is not known whether the different y- glutamyl peptides are utilized by 
one or several enzyme systems. The present evidence does not indicate 
whether the enzyme system which catalyzes the transfer of the glutamyl 
radical from GSH is identical with one of the proteinases catalyzing trans- 


Tant VII 
Cleavage of GSH by Purified Liver and Brain Enzyme in Presence and Absence of 
Amino Acid and Peptides 
Cysteine equivalents liberated 
Addition 
Drain Liver 
wid 
]Ü¹3¹iw 0.1 0.2 
˙1ͤͤÄÄ 1.5 1.5 
L-Methion ine 1.7 
2.8 


2 ml. contained 40 ua of KCN, 6.6 ut of GSH, and 26.4 ust of the addition in 0. 
m tris(hydroxymethyl)aminomethane, pH 8.5. Brain extract, 2 mg. of purified pro- 
tein; liver, 0.18 mg.; incubation, 30 minutes at 37°. 


peptidation reactions between amino acids joined by an a peptide linkage 
(27, 11). 

Without addition of an acceptor amino acid for the y-glutamy] radical, 
some cysteinylglycine is liberated when glutathione is incubated with the 
enzyme extract. These blank values may amount to 5 to 15 per cent of 
those obtained in the glutamine-activated cleavage. The question arises 
as to the mechanism of the liberation of cysteinylglycine from GSH in the 
absence of an acceptor of the y-glutamyl] radical. It is possible that the 
tripeptide itself or y-glutamylcysteine, produced by enzymatic action, may 
serve as acceptor of the y-glutamyl] radical. It has been shown that, de- 
pendent on the pH of the incubation mixture, the glutamic acid moiety 
from glutathione may be liberated as the dicarboxylic acid itself or as 
pyrrolidonecarboxylic acid (15). In the incubation mixture of GSH, in 
the absence of an activator free glutamic acid could be detected by paper 


* Fodor, P. J., Miller, A., Neidle, A., and Waelsch, H., J. Biol. Chem., in press. 
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chromatography, but glutamic acid was also found after hydrolysis of the 
residue of the ethyl acetate extract of the incubation mixture. These ex- 
periments indicated that in the non-activated cleavage of GSH glutamic 
acid, pyrrolidonecarboxylic acid, and cysteinylglycine were formed. The 
production of pyrrolidonecarboxylic acid in the splitting of glutathione 
presents the simplest form of a transfer reaction, since in this case the 
y-carboxyl group of glutamic acid reacts with the a-amino group of the 
same molecule. Also in those experiments in which an activator was 
added to the incubation mixture the presence of pyrrolidonecarboxylic 


Taste VIII 
Enzymatic Cleavage of GSH and GSSG 
Cysteine equivalents liberated 
Experiment No. Condition 
GSSG GSH 
1 Complete system 0.9 2.5 
Without KCN 0.6 
2 Complete system 0.6 2.6 
Without KCN 0.6 
Without KCN and glutamine 0 0.1 
3 Complete system 1.1 3.5 
Without KCN 0.9 


Experiment 1, the complete system contained in 2 ml. of 0.1 m tris(hydroxy- 
methyl)aminomethane (pH 8.5) 400 y of purified kidney protein, 40 um of KCN, and 
6.6 wm of GSH or GSSG respectively. Experiment 2, the complete system con- 
tained in 2 ml. of 0.1 M tris(hydroxymethyl)aminomethane (pH 8.5), 40 y of purified 
kidney protein, 40 um of KCN, 27 um of glutamine, and 6.6 um of GSSG or GSH re- 
spectively. Experiment 3, the complete system was the same as in Experiment 2, 
27 um of glycylglycine instead of glutamine. 


acid could likewise be shown. This is taken to mean that the y peptides 
formed, if decomposed, are cleaved partly to pyrrolidonecarboxylic acid 
and partly to glutamic acid. It is at present impossible to decide to what 
extent non-enzymatic cleavage of the labile y-glutamyl peptides has led 
to the formation of pyrrolidonecarboxylic acid or whether in the non- 
activated cleavage it was produced directly from GSH or with intermediate 
formation of y- glutamyl derivatives of GSH or of glutamylcysteine. The 
quantitative aspects of pyrrolidonecarboxylic acid formation under the 
experimental conditions used are under investigation. 


The enzymatic removal of the glutamyl moiety of glutathione as cata- 
lyzed by purified kidney, liver, and brain preparation is greatly activated 
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by amino acids and various peptides. The amino acids and peptides appear 
to act as acceptors of the y-glutamy] radical in this enzymatically catalyzed 
transfer reaction. The potency of different amino acids and peptides as 
activators of the glutathione cleavage was estimated by measuring the 
initial rates of the liberation of cysteine or cysteinylglycine by means of 
the Sullivan reaction. With glutamine as standard activator for purposes 
of comparison, it was found that structural analogues of the amide such 
as y- ethyl glutamate, methionine, or ethionine were of equal or greater po- 
tency than the amide. The other amino acids were weaker activators 
than glutamine to a varying degree 

p-Amino acids and amino ald sobstituted in the amino group could 
not serve as acceptors of the y-glutamyl radical. The most potent ac- 
tivators of glutathione cleavage found so far were glycylglycine and gly- 
cyl-Lalanine, while of other peptides tested the glycylpeptides were con- 
siderably weaker than those in which the amino group of glycine was 
substituted. Glycylglycylglycine was as weak an activator as glycine 
itself. 

The purified enzyme preparation from sheep kidney showed only weak 
activity in splitting cysteinylglycine. A method for the differentiation of 
cysteine and cysteinylglycine in the Sullivan reaction is reported. A syn- 
thesis of the dipeptide in good yield is presented. 

In the non-activated as well as in the amino acid-activated cleavage of 
glutathione, pyrrolidonecarboxylic acid and glutamic acid are liberated. 
The mechanism of the formation of the pyrrolidonecarboxylic acid is 
discussed. 
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L-SERINE DEHYDRASE OF NEUROSPORA* 


By CHARLES YANOFSKY anv JOSE L. REISSIG 


(From the Department of Microbiology, Osborn Botanical Laboratory, Yale University 
New Haven, Connecticut, and the Instituto de Investigaciones Bioquimicas, 
Fundacién Campomar, Buenos Aires, Argentina) 


(Received for publication, December 5, 1952) 


It was reported previously that D- and L-serine and p- and 1-threonine 
are deaminated by Neurospora extracts and that pyridoxal phosphate 
appears to be a necessary cofactor in each case (1-3). The characteristics 
of the Neurospora enzyme which deaminates p-serine and p-threonine were 
described in some detail previously (2). This paper presents the results 
of an investigation of the properties of the Neurospora enzyme which 
deaminates the natural forms of these amino acids. 

The deamination of serine and threonine has been the subject of many 
investigations. Gale and Stephenson (4) demonstrated that the deamina- 
tion of serine by Escherichia coli could proceed anaerobically and that 
phosphate, alone or in combination with various reducing agents (formate, 
glutathione, or II:), would prevent the decay of dehydrase activity when 
cell suspensions were aged. Chargaff and Sprinson (5, 6) showed that the 
products of the deamination of serine and threonine by E. coli were pyru- 
vate and a-ketobutyrate, respectively. They also studied the anaerobic 
deamination of serine and threonine by mammalian tissues and found that 
Mg was required for maximal activity. Binkley (7) obtained serine de- 
hydrase preparations from E. coli which, after dialysis, were activated by 
Zn, Mg, or Mn. Lichstein et al. (8, 9) have presented evidence that 
biotin in some form functions as coenzyme in the deamination of serine 
and threonine by E. coli. Wood and Gunsalus (10) studied the deamina- 
tion of serine and threonine, using partially purified enzyme preparations 
from E. coli. Their enzyme preparations required both adenylic acid and 
glutathione for activity. They were able to demonstrate convincingly that 
both L-serine and 1-threonine were deaminated by the same enzyme. 
Metzler and Snell (11) have also employed enzyme preparations from 
E. coli in their investigations of the enzymatic deamination of serine. 
They demonstrated the presence of a pyridoxal phosphate-activated v- 
serine dehydrase in E. coli extracts. They also reexamined the cofactor 
requirements of the L-serine dehydrase of E. coli and were unable to detect 

* This investigation was supported in part by the Atomic Energy Commission 
(contract No. AT(30-1)-1017). One of us (J. L. R.) performed this work during the 
tenure of a fellowship from the Asociacién Argentina para el Progreso de las Ciencias. 
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a requirement by this enzyme for pyridoxal phosphate. As will be seen 
in this paper, the t-serine dehydrase obtained from Neurospora has an 
absolute requirement for pyridoxal phosphate. 


Methods 


A wild type strain (Em-5297a) of Neurospora crassa was employed in 
these experiments. To obtain mycelium for enzyme extraction, this strain 
was grown in 5 liter bottles containing 3 liters of Neurospora minimal 
medium (12). The bottles were incubated in a constant temperature room 
maintained at 30° and were continuously aerated. After 72 hours, the 
mycelium formed was filtered through cheese-cloth and washed twice in 
distilled water. The washed mycelium was then frozen and lyophilized. 
To prepare cell-free extracts the lyophilized mycelium was powdered in a 
mortar and 5 gm. quantities were placed in 4 ounce screw cap vials. Sev- 
eral dozen glass beads and 80 ml. of cold 0.1 m phosphate buffer at pH 7.8 
were added to each vial. The vials were then shaken at maximal speed 
on an Eberbach shaker kept in a cold room maintained between 2-4°. 
After 2 to 3 hours of shaking, the suspension was squeezed through cheese- 
cloth and the residue discarded. The suspension was then centrifuged in 
a Servall centrifuge at 12,000 r.p.m. for 30 minutes and the turbid super- 
natant solution was stored at — 15°. 

L-Serine dehydrase activity was determined by the direct method for 
pyruvate developed by Friedemann and Haugen (13). 1-Threonine de- 
hydrase activity was usually determined by the same method, the calcium 
salt of a-ketobutyric acid serving as the reference compound. In a few 
instances ketobutyrate was determined manometrically with Neurospora 
a-ketobutyric decarboxylase (14). In these cases the reaction was stopped 
by acidifying with sulfuric acid. Neither a-ketobutyric decarboxylase nor 
pyruvic decarboxylase was active at the pH at which deaminase activity 
was measured. Enzyme assays were performed in a 1 ml. volume contain- 
ing 3 X 10 M L-threonine (or 6 X 10 M L-serine), 10 y of calcium pyri- 
doxal phosphate! (assaying 28 per cent pyridoxal phosphate), 0.5 ml. of 
0.1 m pyrophosphate buffer at pH 9.3, and enzyme. Assay tubes were 
generally incubated at 37° for 20 minutes. The reaction was stopped by 
the addition of 1 ml. of 10 per cent trichloroacetic acid to each tube and 
the precipitate removed by centrifugation. A 1 ml. portion of the super- 
natant solution was then taken for either pyruvate or ketobutyrate deter- 
mination. In some cases the complete sample was analyzed since the alkali 
added in the colorimetric determination was sufficient to dissolve all the 
precipitated protein. A control tube containing pyridoxal phosphate and 
substrate and a control tube with enzyme alone were run with each assay. 


1 Kindly supplied by Dr. W. W. Umbreit. 
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Ammonia was determined with Conway microdiffusion units and Nessler’s 
reagent. The protein content of various fractions obtained during enzyme 
purification was measured by the method of Lowry et al. (15). 

A unit of L-threonine or L-serine dehydrase activity is arbitrarily defined 
as the amount of enzyme required to form 0.1 um of a-ketobutyrate or pyru- 
vate in 20 minutes at 37° in the presence of the supplements mentioned 
previously. 

Results 

A comparison of the rates of deamination of L-serine and 1L-threonine 
by a crude Neurospora extract is shown in Fig. 1. It can be seen that 
threonine is deaminated more rapidly than serine. It can also be seen 

Ar 
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minutes 


Fig. 1. Comparison of the rates of keto acid formation from L-serine (o, pyru- 
vate) and L-threonine (O, a-ketobutyrate) by a crude dehydrase preparation. 


that the production of keto acid from either amino acid proceeds linearly 
with time. Keto acid production from either L-serine or 1-threonine is 
also a linear function of enzyme concentration. 


Purificati 
All the steps were carried out at reduced temperatures (below 8°). 
Treatment with Protamine Sulfate—The pH of 100 ml. of crude extract 

(12 to 15 mg. of protein per ml.) was adjusted to 7.2 with dilute acid. 1 ml. 
of a protamine sulfate solution (15 mg. per ml. in 0.1 m phosphate buffer 
at pH 7.2) was then added for each 100 mg. of extract protein. The mix- 
ture was stirred for 15 minutes and the precipitate was removed by cen- 
trifugation. 

First Ammonium Sulfate Treatment—Solid ammonium sulfate was added 
to the supernatant solution from the previous step until the content was 
0.34 of saturation. The mixture was stirred for 25 to 30 minutes and the 
precipitate collected by centrifugation. The precipitate was dissolved in 
50 ml. of 0.02 u phosphate buffer at pH 7.2. 
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First Calcium Phosphate Gel Treatment—To the final solution from the 
previous step 40 mg. of calcium phosphate gel (40 mg. dry weight per ml.) 
were added for each 80 mg. of protein. The mixture was stirred for 10 
minutes, after which the gel was removed by centrifugation. The su- 
pernatant solution was then treated with twice the volume of gel added 
previously. After centrifugation the supernatant solution was used in 
the following step without further treatment. 

Second Ammonium Sulfate Treatment—Solid ammonium sulfate was add- 
ed to 0.24 of saturation. After 25 minutes the precipitate was removed by 
centrifugation and discarded. The supernatant solution was brought 


Taste 
Purification of Threonine and Serine Dehydrases 
Threonine 
2 
Fraction Achydrase 2 Protein | Threonine dehydrase — 
| 
Crude extract 3500 940 1250 2.8 3.7 
Supernatant after pro- 3280 850 815 4.0 9A 3.9 
tamine treatment | | | 
lst ammonium sulfatefrac- 2600 650 194 13.4 74 4.0 
tion 
Phosphate gel supernatant 1940 500 97 20 655 3.9 
2nd ammonium sulfate frac- 1420 384 28 51 4111 3.7 
tion 
1320 350 20 66 38 3.8 


Phosphate gel supernatant 


— — — — 


to 0.33 of saturation with respect to ammonium sulfate and stirred for 
20 to 25 minutes. The precipitate was collected by centrifugation and 
dissolved in 20 ml. of 0.02 m phosphate buffer at pH 7.2. 

Second Calcium Phosphate Gel Treatment A mg. of calcium phosphate 
gel were then added for each 10 mg. of protein in the final solution from 
the previous step. After stirring for 10 minutes, the gel was removed by 
centrifugation and the treatment repeated. The supernatant solution was 
then dialyzed against 0.05 m phosphate buffer at pH 7.8 for 3 hours. The 
dialyzed solution obtained generally contained 25 to 40 per cent of the 
original activity with a purification of between 15- and 25-fold. The rela- 
tive purity and activity recovered in the various steps in the 
procedure during a typical run are shown in Table I. It can also be 
seen in Table I that the ratio of threonine dehydrase to serine dehydrase 
units remains fairly constant throughout purification. 

Preparations obtained by the procedure outlined do not form keto acid 
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from L-cysteine, L-glutamic acid, L-aspartic acid, L-tyrosine, L-tryptophan, 
Lhistidine, L-arginine, L-proline, L-lysine, bi- leueine, bi- isoleueine, pL- 
valine, bi- phenylalanine, bi- alanine, Di- allothreonine, bi-homoserine, or 
glycine at pH 9.3. These preparations also will not form keto acid from 
p-serine or D-threonine at pH 8.2; however, they do exhibit some trypto- 
phan desmolase activity (1) at pH 7.8. 


Identification of Pyruvate As Product of Serine Deamination 

400 ym of t-serine, 280 y of calcium pyridoxal phosphate, 5.6 ml. of 
0.125 u pyrophosphate buffer, pH 9.3, and enzyme in a 14 ml. volume 
were incubated at 37° for 5 hours. 7.5 ml. of this solution were added to 
an equal volume of 10 per cent trichloroacetic acid. The precipitate was 
removed and 25 ml. of a 0.2 per cent solution of 2, 4-dinitrophenylhydrazine 
in 2 * HCl were added to the supernatant solution. The precipitate ob- 
tained was recrystallized from ethyl acetate, yielding 6 mg. (30 per cent 
of theoretical, based on the keto acid content of the aliquot treated). 
The recrystallized hydrazone melted at 214-215° (uncorrected) and did not 
give a melting point depression when mixed with a known sample of 
pyruvate hydrazone. The isolated hydrazone was further characterized 
by chromatographing on filter paper buffered with 0.1 m acetate at pH 3.6 
with butanol saturated with 2 per cent acetic acid as developing solvent. 
Both the isolated product and authentic pyruvic hydrazone had N, values 
of approximately 0.54 in this solvent system. 


Identification of a-Ketobutyrate As Product of Threonine Deamination 


600 us of 1-threonine, 400 Y of calcium pyridoxal phosphate, 10 ml. of 
0.1 u pyrophosphate buffer, pH 9.3, and enzyme in a volume of 20 ml. 
were incubated at 37° for 5 hours. 4.5 ml. of 40 per cent trichloroacetic 
acid were added to 9 ml. of this solution. The precipitate was removed by 
centrifugation and 25 ml. of a 0.2 per cent solution of 2, 4-dinitrophenyl- 
hydrazine in 2 n HCl were added to the supernatant solution. The re- 
sulting hydrazone was filtered and recrystallized from ethyl! acetate, yield- 
ing 4.8 mg. (19 per cent of the theoretical, based on the keto acid content 
of the aliquot treated). The recrystallized hydrazone melted at 197-198° 
(uncorrected) and did not give a melting point depression when mixed with 
authentic ketobutyrate hydrazone. The hydrazones were also compared 
by paper chromatography with the solvent system mentioned previously 
and both samples had N, values of approximately 0.65. 


Equivalence of Keto Acid and Ammonia Formation from 1-Serine and 
L-Threonine 


The results of an experiment performed to compare keto acid and am- 
monia production from L-serine and 1-threonine are given in Table II. 
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Adequate precautions were employed in these determinations to insure 
that none of the ammonia formed would be lost. Good agreement was 
obtained between pyruvate and ammonia production from L-serine and 
ketobutyrate and ammonia production from t-threonine. In manometric 
experiments, no oxygen uptake was detected during the deamination of 
either L-serine or I-threonine. 


Optimal pH 
Typical pH- activity curves in borate or pyrophosphate buffer with 1 
serine or L-threonine are shown in Fig. 2. Optimal activity in pyrophos- 
phate buffer is obtained at a pH value of approximately 9.3, while in borate 


Taste II 
Equivalence of Keto Acid and Ammonia Formation from 1-Serine and u-Threonine 
From L-serine From t-threonine 
Time 
Ammonia Pyruvate Ammonia Ketobutyrate 

hrs. pt per mi. pat per mi. per mi. | per ml. 
0.5 2.94 2.99 1.92 2.0 
1 4.74 4.54 3.69 3.6 
2 6.80 7.03 5.86 6.1 
3 8.33 8.23 
5 9.73 10.0 10.6 10.1 


The enzyme preparations employed in these determinations were fractionated 
with ammonium sulfate and dialyzed for 20 hours against several changes of cold 
0.1 u phosphate buffer at pH 7.8. A different enzyme preparation was used with 
each substrate. 


buffer the optimal pH appears to be slightly higher. The striking simi- 
larity in the shapes of the pH-activity curves obtained with the two sub- 
strates may be taken as further evidence that one enzyme is responsible 
for the deamination of both amino acids. 


Requirement for Pyridozal Phosphate 

Some difficulty was encountered in obtaining dehydrase preparations 
which were completely inactive in the absence of pyridoxal phosphate. 
Mycelium stored frozen for several weeks before lyophilization occasionally 
gave purified preparations which were inactive in the absence of pyridoxal 
phosphate. This method has been used previously for resolving pyridoxal 
phosphate-requiring enzymes (16). Pyridoxal phosphate saturation curves 
obtained with L-serine or L-threonine as substrate are shown in Fig. 3. 
The pyridoxal phosphate concentration required to restore half maximal 
velocity can be estimated from these curves to be 4 X 107 m with each 
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Fic. 2. pH-activity curves for L serine deamination (dash line) and L-threonine 


deamination (solid line) in (@) borate and (O) pyrophosphate buffers. A different 
enzyme preparation was used with each substrate. 
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Fid. 3. Pyridoxal phosphate saturation curves with L-serine and L-threonine as 


substrates. Different amounts of the same enzyme preparation were used to bring 
the pyruvate curve near the ketobutyrate curve. 
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substrate. The fact that threonine dehydrase activity is completely in- 
hibited by 5 X 10~* m hydroxylamine and 44 per cent inhibited by 5 X 10 
m CN is additional evidence that pyridoxal phosphate is the coenzyme 
of threonine dehydrase. Adenosine-5-phosphate and glutathione, activa- 
tors for the deamination of L-serine by E. coli preparations (10), were in- 
active in stimulating L-serine or L-threonine dehydrase activity when tested 
alone or together. Biotin, either alone or in combination with adenosine- 
5-phosphate, did not stimulate dehydrase activity; neither did pyridoxal 
plus adenosine-5-phosphate. Cu“ or Zn“ ata concentration of 10˙ mu 
(tested in 0.1 m borate buffer at pH 8.2) partially inhibited I-threonine 
deamination. 

Pyridoxamine phosphate’ was tested as a substitute for pyridoxal phos- 
phate and had slight activity. However, it was found that pyridoxamine 
phosphate was considerably more active if it was first preincubated with 
the enzyme preparation, boiled, and then added to substrate and enzyme. 
This observation makes it seem very likely that dehydrase preparations, 
purified according to the procedure outlined in this paper, are not free 
from the enzyme or enzymes which can convert pyridoxamine phosphate 
to pyridoxal phosphate. 


Kinetics 


The kinetics of pyruvate formation from tL-serine and a-ketobutyrate 
formation from L-threonine were also investigated. Enzyme preparations, 
purified according to the procedure outlined previously, were employed in 
these determinations. The effect of L-serine concentration on the velocity 
of pyruvate production is shown in Fig. 4. A Lineweaver-Burk plot (17) 
of these data can be seen in Fig. 5. The K. value for u-serine obtained 
from this curve is 5.5 X 10-* u. The effect of t-threonine concentration 
on the velocity of a-ketobutyrate formation can be seen in Fig. 6. A 
Lineweaver-Burk plot of these data is shown in Fig. 7. The K. value for 
L-threonine obtained from this curve is 3.3 X 10-* M. Occasionally de- 
hydrase preparations are obtained which consistently give higher K. values 
for serine and threonine than the values reported here. This observation 
is under further investigation. 

Keto Acid Formation from Serine-Threonine Mizxtures—In order to obtain 
additional evidence bearing on whether or not the same enzyme is re- 
sponsible for the deamination of both L-serine and L-threonine, experiments 
were conducted with mixtures of the two amino acids. The results of 
one such experiment are given in Table III. Since no attempt was made 
to determine the amount of each keto acid formed from mixtures of serine 
and threonine, the results are expressed in colorimeter units (Klett-Sum- 


* Kindly supplied by Dr. E. A. Peterson. 
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Fig. 4. Effect of u-serine concentration on the velocity of pyruvate formation. 
The initial L-serine concentrations are indicated. 

Fic. 5. Plot of kinetic data for t-serine. The X., value for t-serine obtained 
from the curve is 6.5 X 10 
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Fic. 6. Effect of L-threonine concentration on the velocity of ketobutyrate forma- 
tion. The initial threonine concentrations are indicated. 

Fic. 7. Plot of kinetic data for t-threonine. The X., value for i-threonine ob- 
tained is 3.3 X 10 a. 
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merson). It can be seen from Table III that, when amounts of serine 
and threonine well below saturation are mixed, the resulting colorimeter 
reading is approximately the sum of the readings obtained with each sub- 
strate alone. However, when both substrates are present in excess, the 
colorimeter reading is approximately that obtained with threonine alone. 
Since keto acid formation is not additive in the region of substrate satura- 
tion, but is so at lower serine and threonine concentrations, it appears 
likely that the two amino acids are deaminated by the same enzyme. 


We would like to thank the firm Saint Hnos., Buenos Aires, for supply- 
ing necessary materials. 


Tant III 
Keto Acid Formation from Serine-Threonine Miztures 
Colorimeter | 
— Addition Colorimeter 
6 X 10 M L-serine 36 6 X 10°* M L-serine 70 
4.5 X 10-* M L-threonine 93 3 X 10 M L-threonine 173 
6 X 107? M L-serine + 4.5 X 121 6 X 10°* M L-serine + 3 X 163 
10 M L-threonine 10 M T-threonine 


The values given are corrected for the blank reading, which was 36. 
* Klett-Summerson. 


SUMMARY 

The Neurospora dehydrase which deaminates I-threonine and 1-serine 
was investigated and a purification procedure developed which gives 15- to 
25-fold purification. Pyruvate and a-ketobutyrate were identified as the 
deamination products of serine and threonine, respectively. Equivalent 
amounts of ammonia and keto acid were formed from L-serine or from L- 
threonine. Optimal activity was obtained at pH 9.3 to 9.5 in pyrophos- 
phate or borate buffer. The pyridoxal phosphate concentration required 
to restore half maximal velocity to a resolved preparation was approxi- 
mately 4 X 10 M with either L-serine or L-threonine as substrate. The 
K,, values for L-serine and I-threonine were found to be 5.5 X 10 u 
and 3.3 X 10 u, respectively. Partially purified dehydrase preparations 
did not deaminate p-serine or p-threonine. Evidence is presented sug- 
gesting that both L-serine and L-threonine are deaminated by the same 
enzyme. 
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THE METABOLISM OF METHYLATED AMINOAZO DYES 
II. OXIDATIVE DEMETHYLATION BY RAT LIVER HOMOGENATES* 
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(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
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At least one N-methyl group is required for the carcinogenic activity of 
4-dimethylaminoazobenzene and related dyes in the liver of the rat (1). 
The N-dimethyl and N-monomethy] derivatives have equal carcinogenic 
potencies, while the corresponding primary aminoazo dyes exhibit low ac- 
tivities in proportion to the extent to which they become remethylated in 
vivo (2). Other studies have revealed that in vivo 4-dimethylaminoazo- 
benzene is subject to a stepwise demethylation in which the first step ap- 
pears to be readily reversible, while the second step, leading to the primary 
aminoazo dye, is reversible to only a small extent (2, 3). 

This stepwise demethylation has been demonstrated also in fortified rat 
liver homogenates (4) and the present communication concerns the mech- 
anism of the demethylation of the N-monomethy] dyes in vi ro. This re- 
action has been found to be an oxidative process which requires at least 
two enzymes, triphosphopyridine nucleotide, diphosphopyridine nucleo- 
tide, and hexosediphosphate. The products of the reaction are formalde- 
hyde and the corresponding primary aminoazo dye. These results are in 
agreement with the recent demonstration (5) that in vivo the N-methyl 
groups of the dyes are incorporated into the g- carbon of serine and the 
methyl groups of choline. 


Methods 


The young adult, male, albino rats! used in these experiments were main- 
tained on a grain diet (6). The rats were killed by decapitation and liver 
samples transferred immediately into ice-cold 1.15 per cent KCl. 10 per 
cent homogenates were prepared in this same medium with a Potter- 
Elvehjem homogenizer. The complete reaction mixture was prepared at 
0° and contained the following ingredients, adjusted to pH 7.4, in a final 

* This work was supported by grants from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, aud the Alexander and 
Margaret Stewart Trust Fund. 

‘ Holtzman-Rolfsmeyer Company, Madison, Wisconsin. 
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volume of 3.0 ml.: 0.3 to 0.5 ml. of homogenate, 0.4 ml. of 0.03 M hexosedi- 
phosphate, 0.1 ml. of diphosphopyridine nucleotide (DPN) solution (200 
7), 0.1 ml. of triphosphopyridine nucleotide (TPN) solution (200 7), 0.2 
ml. of 0.6 M nicotinamide, 0.2 ml. of 0.01 m adenosinetriphosphate (ATP),? 
0.1 ml. of 0.1 M MgCl, 0.1 ml. of 0.2 m KCl, and 0.5 ml. of 0.1 M KII. PO. 
K. HPO. buffer at pH 7.4. The monomethylaminoazobenzene dyes (70 
to 150 y in 0.1 ml. of 95 per cent ethanol) were added last to the iced reac- 
tion mixture from a micro blow pipette. The reactions were customarily 
carried out in open 25 ml. Erlenmeyer flasks with mechanical shaking in a 
water bath at 37°. 

At the termination of the incubation period (0 to 40 minutes) the reac- 
tion was stopped by the addition of 3.0 ml. of acetone. Subsequently 4.0 
ml. of benzene were added to the flasks and the free aminoazo dyes were 
extracted with brief shaking into the acetone-benzene phase. An aliquot 
of the clear acetone-benzene phase was taken to dryness in a vacuum 
desiccator and the residual dyes separated and recovered quantitatively by 
chromatography on activated alumina with mixtures of petroleum ether 
and benzene, as previously described (7). The quantity of the mono- 
methylated dye remaining and the amount of 4-aminoazobenzene deriva- 
tive formed in the demethylation reaction were determined from the op- 
tical densities of the orange to red solutions obtained on extraction of the 
eluted dyes into 7 n HCl (7). The optical density measurements were 
made with a Cenco-Sheard spectrophotelometer at wave-lengths corre- 
sponding to the absorption maxima of the dyes in this medium. 

All the ring methyl derivatives of 4-monomethylaminoazobenzene tested 
as possible substrates were prepared by the diazoamino rearrangement (7). 
The 3- and 3’-methyl derivatives have been described before (1); the 4’-, 
2’-, and 2-methyl derivatives are new and their melting points“ were 101- 
102°, 73-74°, and 43-44°, respectively. All but one of the corresponding 
derivatives of 4-aminoazobenzene used as colorimetric standards were 
prepared by coupling the appropriately substituted nitrosobenzenes and 
p-aminoacetanilides (8), followed by hydrolysis in alcoholic alkali. The 
2-methyl derivative was obtained through the coupling of the w-methyl 
sulfonate of m-toluidine with diazotized aniline, followed by hydrolysis in 
dilute alkali (9, 10). The 2’-methy] derivative has not been described be- 
fore and its melting point was 45-46°; the 2-, 3-, and 4-methyl derivatives 
had melting points as given in the literature (11, 12), while the 3’-methyl 
dye melted at 95-96° as compared with the reported value of 89-90° (10). 
All the dyes were purified by chromatography on alumina (7). 

2 We wish to thank Dr. G. A. LePage for the preparations of diphosphopyridine 


nucleotide and adenosinetriphosphate. 
* Uncorrected. 
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Results 


Choice of Dyes—In preliminary experiments with 4-dimethylaminoazo- 
benzene and 4-monomethylaminoazobenzene it was observed that the loss 
of the first methyl group from the tertiary amine proceeded very slowly 
in the system described above; under the same conditions the removal of 
the methyl group from 4-monomethylaminoazobenzene occurred rapidly. 
However, in this system this compound is subject to reductive cleavage at 
the azo linkage and to hydroxylation at the 4’ position (4); thus the con- 
current operation of these reactions during the demethylation process re- 
sulted in a considerable deficit in recoverable dye. Accordingly a series of 
4-monomethylaminoazobenzene dyes with ring methyl substitutions was 


Tant I 
Comparison of Various Ring Methyl Derivatives of 4-Monomethylaminoazobenzene 
(MAB) As Substrates in Demethylation System 
System as under Methods“ with 75 y of the indicated dye and 0.5 ml. of homog- 
enate; incubation time, 30 minutes. 


7 7 
4’-Methyl-MAB................ 29.6 16.2 59 
3’-Methyl-MAB................ 41.0 24.4 64 
2’-Methyl-MAB................ | 34.8 24.0 1 
2. Methyl-M Ag. | 38.5 35.0 | @ 
25.0 | 22.3 96 


— 


compared. From the results in Table I it is apparent that both 3-methyl- 
4-monomethylaminoazobenzene and 2-methyl-4-monomethylaminoazoben- 
zene were not cleaved or hydroxylated to any significant extent, since it 
was possible to account for essentially all of the added dye as residual 
monomethyl dye and the expected demethylated derivative. The 3- 
methyl dye was therefore used in the experiments reported here. 

Cofactor Requirements—The dependence of the demethylation reaction 
on the addition of certain activating cofactors to the homogenate system 
is illustrated in Fig. 1. In the complete system 41 Y of 3-methyl-4-amino- 
azobenzene were formed during the incubation period. With the omis- 
sion of hexosediphosphate the amount of demethylated product formed 
decreased to 25 7. When either TPN or DPN was omitted from the reac- 
tion mixture, the demethylation activity was decreased, with the forma- 
tion of only 8 and 15 Y of 3-methyl-4-aminoazobenzene, respectively, and 
essentially no demethylation took place in the absence of both cofactors. 
The activation curves for both TPN and DPN are presented in Fig. 2; 


| 
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Demethylated dye Per cent 
Substrate Dye metabolized | 
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each cofactor was tested in the presence of 200 y of the other coenzyme. 
In this experiment the rat liver homogenate was prepared in distilled wa- 
ter and incubated at 37° for 5 minutes prior to addition to the cold reac- 
tion mixture; in other experiments it had been demonstrated that this 
preliminary incubation decreases the level of endogenous cofactors (13). 
Under these conditions it is apparent that the addition of 200 + of each co- 


40- 


Hop | + + + + + 
TPN | + + + 
DPN; + + +# + + + 
ATP| + + + + + 
Fic. 1. The requirement of the demethylation system for cofactors. Bystem as 
under Methods“ with 0.5 ml. of homogenate, 0.4 ml. of 0.03 u hexosediphosphat 


(HDP), 200 y of triphosphopyridine nucleotide, and 200 y of diphosphopy ridine 
nucleotide as indicated. Each flask contained 150 y of dye; incubation time, 30 min- 
utes. 


factor is more than adequate for the saturation of the enzyme system; 
however, the nature of this requirement for both coenzymes remains to be 
elucidated. 

Adenosinetriphosphate produced no further activation of the enzyme 
system in the presence of hexosediphosphate, but in other trials in which 
this oxidizable substrate was omitted ATP gave a slight activation. It 
would appear that if ATP is involved in this system its participation is in- 
direct, such asin the maintenance of some component of the enzyme system. 

Requirement for A erobiosis The dependence of the demethylation reac- 
tion on the presence of oxygen was readily demonstrated. For example, 
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in a representative experiment 19.1 y of 3-methyl-4-aminoazobenzene were 
formed under aerobic conditions, in contrast to 3.3 y produced in the reac- 
tion carried out in an atmosphere of nitrogen. 

Identification of Reaction Products—For the identification of the reaction 
products 50 mg. of rat liver (0.5 ml. of homogenate) were incubated for 30 
minutes with 147 y of 3-methyl-4-monomethylaminoazobenzene in the 
complete system containing 0.01 m semicarbazide as the trapping agent. 
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Fic. 2. The activation of the demethylation system by varied levels of diphos- 
phopyridine and triphosphopyridine nucleotides. System as under Methods“ 
with 0.5 ml. of homogenate and 150 y of added dye. Incubation time, 30 minutes. 


Duplicate flasks were inactivated with acetone and the residual dyes meas- 
ured in the manner described above. The reaction in another duplicate 
set of flasks was stopped by the addition of 2.0 ml. of 5 per cent perchloric 
acid. After centrifugation 4.0 ml. aliquots were diluted to 14.0 ml. with 
distilled water and then distilled. Exactly 10.0 ml. of distillate were col- 
lected and analyzed for formaldehyde by the highly specific chromotropic 
acid procedure of MacFadyen (14). All values were corrected for a dis- 
tillation efficiency of 84 per cent under the conditions employed. The ab- 
sorption maximum (570 my) of the colored test solution was identical with 
that of an authentic formaldehyde standard. The results of this experi- 
ment are presented in Table II. Of the 29.0 Y of 3-methyl-4-monomethyl- 
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aminoazobenzene metabolized 28.6 y could be accounted for as 3-methyl- 
4-aminoazobenzene (27.2 y). Similarly the quantity of formaldehyde 
recovered from the reaction mixture (3.94 ) corresponded to 29.5 + of the 
metabolized 3-methyl-4-monomethylaminoazobenzene. Zero time control 
flasks with added dye contained no measurable formaldehyde, and the in- 
cubated control flasks in which the dye was omitted (ethanol controls) 
yielded an amount of formaldehyde equivalent to only 0.2 y of dye; this 
value was subtracted from the observed figures. Thus it was possible to 
account stoichiometrically for the metabolized azo dye as the demethyl- 
ated derivative, 3-methyl-4-aminoazobenzene, and for the methyl group as 
formaldehyde.‘ 

Effect of Glutathione—In an attempt to activate the demethylation en- 
zyme system further 5.0 mg. of reduced glutathione were added to the 


Taste II 
Isolation of Metabolites of Added $3-Methyl-4-monomethylaminoazobenzene from 
Demethylation Reaction 
System as under Methods“ with 147 Y of dye and 0.5 ml. of homogenate; incuba- 
tion time, 30 minutes; treatment as under Results.“ 


Measurement made Amount of dye 
— 
Substrate metabolise. 29.0 
Agcounted for as demethylated dye................ 28.6 
10 « “ formaldehy dee. | 29.5 


complete system. Unexpectedly, it was observed that the aqueous phase 
of the reaction mixture remained highly colored after repeated extractions 
with the acetone-benzene mixture. The addition of 7.0 n HCl or 20 per 
cent trichloroacetic acid to the aqueous phase yielded the characteristic 
bright red color of secondary or tertiary aminoazo dyes of this series. This 
color, however, was unstable in acid solution and rapidly faded to an orange- 
colored solution. After neutralization to pH 7.0 it was possible to extract 
and identify 3-methyl-4-aminoazobenzene by mixed chromatograms and 
absorption curves. From this observation it was concluded that a product 
or reaction intermediate of the demethylation reaction was conjugated 
with the added glutathione to give a highly polar and acid-labile complex. 
It seems probable that glutathione effectively trapped a hydroxymethyl 
intermediate as a mercaptal derivative during the oxidation of the N- 
methyl group. A similar reaction was observed in the absence of enzyme 


‘Formaldehyde has also been found as a metabolite of 4-dimethylaminoazo- 
benzene. Personal communication from Dr. C. J. Kensler and Dr. C. G. Mackenzie. 
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when glutathione, 3-methyl-4-aminoazobenzene, and high concentrations 
of formaldehyde were combined in aqueous solution. 

Distribution of Demethylation System in Rat Tissue—An assay of other 
rat tissues revealed that the liver was the only organ tested to possess an 
active demethylation system. Heart, spleen, kidney, brain, intestine, and 
primary hepatoma induced by azo dye did not contain measurable de- 
methylation activity: 

Miscellaneous Substances Tested—A wide selection of chemicals was 
tested for possible effects on the demethylation system. The following 
compounds were found to be without effect at the concentrations tested: 
0.003 M glycine, 0.003 m methionine, 0.003 M Na formate, 0.003 m glycocy- 
amine, 0.003 M urea, 100 y of riboflavin-adenine dinucleotide, 500 y of 
folic acid, 1000 y of pyridoxal, 1000 Y of pyridoxamine, 7.5 y of vitamin 
Bu, 1000 y of a-tocopherol, 500 y of cocarboxylase, 500 + of biotin, 1000 y 
of i-inositol, and 1000 y of ascorbic acid per flask. Cytochrome c, 6.6 X 
10-* u, produced a 90 per cent inhibition of the demethylation activity. 


The enzyme system mediating the demethylation of 3-methyl-4-mono- 
methylaminoazobenzene and related dyes requires the presence of oxygen, 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, and hexose- 
diphosphate for optimal activity. Since the products of this reaction are 
the primary amine and formaldehyde, it would appear that the demethyla- 
tion reaction is an oxidative process rather than a transmethylation or 
hydrolysis. In Fig. 3 the apparent steps of the demethylation reaction are 
illustrated. The evidence for the formation of the hydroxymethyl inter- 
mediate resides in the production of formaldehyde in the reaction and in 
the ability of glutathione to combine with an intermediate in the reaction 
to yield the observed water-soluble azo dye complex which could be hy- 
drolyzed subsequently to the free primary aminoazo dye. The great tend- 
ency of hydroxymethyl groups to dissociate to formaldehyde or to condense 
with compounds containing active hydrogen to form methylene derivatives 
is well known (15). Although the authors are unaware of any instances 
of the direct condensation of mercaptans with simple hydroxymethyl de- 
rivatives, the reaction postulated for glutathione in this case seems likely, 
since the literature contains many examples of the formation of mercaptals 
from mercaptans and various aldehydes, including formaldehyde, which 
presumably react in solution as substituted hydroxymethyl derivatives 
(15-18). 

From the known high reactivity of hydroxymethyl] amines in the field of 
polymer chemistry it is appropriate to consider the possibility that this is 
the form of the azo dye which has been found to combine with certain in- 
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tracellular proteins (19). If such a combination were to result in the in- 
activation of a specific protein concerned with the maintenance of differen- 
tiated cell growth, this reaction might then represent the initial step in the 
carcinogenic process induced by these chemicals. In this connection it is 
of interest that the liver, which is the site of tumor formation and protein- 
bound dye formation, is also the only tissue in the rat which was found to 
catalyze the demethylation reaction. 

In recent studies from this laboratory (5) in which rats were fed amino- 
azo dyes labeled in the N-methyl groups with Ci, the isotope was found in 
the g;ᷓ- carbon of serine and the N-methyl groups of choline. The isolation 
of stoichiometric amounts of formaldehyde as a product of the oxidative 
demethylation in a rat liver homogenate system is in agreement with these 


Fic. 3. The N demethylation of 3-methyl-4-monomethylaminoazobenzene by rat 
liver homogenates. 


findings and demonstrates at least one pathway by which the N-methyl 
group of the azo dye enters the I- carbon metabolic pool. 

Upon differential centrifugation of rat liver homogenates in isotonic 
sucrose solution it was found® that the particles and the supernatant fluid 
were both unable to demethylate the dye. However, full activity was re- 
gained upon reconstitution of the homogenate. Since the activity of each 
fraction was destroyed by heating at 100° for 3 minutes, it is likely that at 
least two enzymes are involved in the over-all reaction. A similar situa- 
tion was reported by Mackenzie et al. (20) for the oxidative demethylation 
of dimethylaminoethanol by rat liver particles and supernatant fluid. 
These authors also noted that dimethylglycine and sarcosine were demeth- 
ylated by the liver particles alone. Hence it is possible that dimethyl- 
aminoethanol is a natural substrate of the system described here. 


Brown, R. R., Miller, J. A., and Miller, E. C., unpublished. 
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The enzymatic oxidative demethylation of N-monomethyl dyes related 
to the hepatic carcinogen 4-dimethylaminoazobenzene has been observed 
in properly fortified rat liver homogenates. Oxygen, triphosphopyridine 
nucleotide, diphosphopyridine nucleotide, and hexosephosphate are re- 
quired for optimal activity. With one of these dyes, 3-methyl-4-mono- 
methylaminoazobenzene, it has been possible to account stoichiometrically 
for the metabolized dye as the primary aminoazo dye and formaldehyde. 
However, if glutathione is added to these reaction mixtures, a highly polar 
dye is formed which liberates the primary aminoazo dye upon acid treat- 
ment. A similar product is observed non-enzymatically from the reaction 
of the primary aminoazo dye, formaldehyde, and glutathione. It thus ap- 
pears that an N-hydroxymethy] derivative is a possible intermediate in the 
enzymatic demethylation of these dyes. 

BIBLIOGRAPHY 


1. Miller, J. A., and Miller, E. C., J. Exp. Med., 87, 139 (1948). 
2. Miller, J. A., and Miller, E. C., Cancer Res., 12, 283 (1952). 
3. Miller, J. A., Miller, E. C., and Baumann, C. A., Cancer Res., 6, 162 (1945). 
4. Mueller, G. C., and Miller, J. A., J. Biol. Chem., 176, 535 (1948). 
5. Miller, E. C., Plescia, A. M., Miller, J. A., and Heidelberger, C., J. Biol. Chem., 
196, 863 (1952). 
6. Miller, E. C., Miller, J. A., Sandin, R. B., and Brown, R. K., Cancer Res., 9, 
504 (1949). 
7. Miller, J. A., and Baumann, C. A., Cancer Res., 5, 157 (1945). 
8. Mills, C., J. Chem. Soc., 67, 925 (1895). 
9. Eibner, A., Ann. Chem., 316, 89 (1901). 
10. Mechel, L., and Stauffer, H., Helv. chim. acta, 24, 151 E (1941). 
11. Mehner, H., J. prakt. Chem., 66, 401 (1902). 
12. Nietzki, R., Ber. chem. Ges., 10, 662 (1877). 
13. Mueller, G. C., and Miller, J. A., J. Biol. Chem., 180, 1125 (1949). 
14. MacFadyen, D. A., J. Biol. Chem., 168, 107 (1945). - 
15. Walker, J. F., Formaldehyde, New York (1944). 
16. Schubert, M. P., J. Biol. Chem., 111, 671 (1935). 
17. Schubert, M. P., J. Biol. Chem., 114, 341 (1936). 
18. Ratner, S., and Clarke, H. T., J. Am. Chem. Soc., 69, 200 (1937). 
19. Miller, E. C., and Miller, J. A., Cancer Res., 12, 547 (1952). 


20. Mackenzie, C. G., Johnston, J. M., and Frisell, W. R., Federation Proc., 11, 252 


(1952). 


SUMMARY 
hy! 
uid 
re- 
| 
on — 
uid. 
sth- 
hyl- 


— — 


STUDIES ON VITAMIN B. 
III. CARCASS COMPOSITION OF THE VITAMIN B,-DEFICIENT RAT! 
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(From the Department of Public Health Nutrition, University of Toronto, Toronto, 
Canada) 


(Received for publication, December 1, 1952) 


It has been known for some years that the body fat content of vitamin 
B,-deficient rats is lower than that of comparable control animals (I). 
Pair-feeding techniques have demonstrated that this phenomenon is not 
the result of inanition (2, 3). Carter and Phizackerley (3) have recently 
reported that a deficiency of pyridoxine in rats maintained on a low fat 
diet involved a lowering of the total lipide content of the body and a dim- 
inution of the neutral fat content of the liver. If 20 per cent margarine 
was included in the basal diet, the total body lipide was restored to normal 
in the pyridoxine-deficient animals. Other than reports on the body fat 
content there are no recorded data on the over-all body composition of 
the vitamin B.-deficient rat. In the present paper, observations are re- 
ported on the total crude fatty acid, protein, and water content of car- 
casses of vitamin B,-deficient rats and of their comparable pair-fed con- 
trols. To determine the specificity of the effects of vitamin B. deficiency 
on carcass composition, similar determinations were made on thiamine- 
deficient rats and their pair-fed controls. In view of the observations of 
Carter and Phizackerley (3) a further study was carried out to ascertain 
the effect of dietary fat on the total crude fatty acid content of deficient 
and control animals on two levels of corn oil in the diet. 


Methods 


In all cases, albino rats of the Wistar strain and of both sexes were 
housed in individual screen bottom cages. Three basal diets were em- 
ployed: a fat-free, 20 per cent casein diet; a 5 per cent corn oil, 20 per cent 
casein diet; and a 20 per cent corn oil, 20 per cent casein diet. The fat- 
free, 20 per cent casein diet contained the following ingredients in per cent 
by weight: vitamin-free casein 16, vitaminized casein 4, sucrose 74, salt 
mixture (Steenbock-Nelson Salts 40 (4)) 4, agar 2, choline 0.2, inositol 0.2, 
and cod liver oil concentrate 0.015 (calculated to provide 45 iu. of vita- 
min A and 11 i.u. of vitamin D per rat per day). ‘The vitaminized casein 
was prepared by mixing thoroughly 800 gm. of casein with the following 

* This study has been facilitated by a grant from the National Vitamin Founda- 
tion, for which appreciation is expressed. 
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amounts (in mg.) of vitamins: thiamine chloride 100, riboflavin 100, cal- 
cium pantothenate 400, nicotinic acid 400, p-aminobenzoic acid 400, biotin 
20, and folic acid 20. The 5 and 20 per cent fat diets differed only by the 
inclusion of corn oil in the ration at the expense of carbohydrate. To 
eliminate the factor of inanition, in all experiments the food intake of each 
control group was restricted to that of its comparable deficient group. 
With the exception of the two groups of rats employed in examining thia- 
mine deficiency, all animals were provided with 100 y of desoxypyridoxine 
per rat per day in the food to expedite the development of vitamin B, 
deficiency; control animals were further provided with 50 y of pyridoxine 
hydrochloride per rat per day in the food. 

In all three experiments, carcasses (with or without livers as indicated) 
were pooled for each group, frozen in liquid air, passed through a power 
grinder, homogenized in a Waring blendor, and aliquots were taken for 
analysis. Assays were carried out in duplicate and the data recorded are 
the averages of duplicate determinations on the pooled samples. 

Nitrogen determinations were carried out by a standard macro-Kjeldahl 
procedure; the values were multiplied by the factor 6.25 to obtain the 
protein content. A modified Liebermann procedure, as described by 
Gavin and McHenry (5), was employed for estimation of total crude fatty 
acids. Tissue moisture was determined by drying aliquots of tissue in 
aluminum dishes (Association of Official Agricultural Chemists) for 5 
hours in an electric oven set at 105°. 

EXPERIMENTAL 


Vitamin B. Deficiency and Carcass Composilion Fifty rats were divided 
into five groups comparable with respect to sex distribution, number, and 
an initial average body weight of 115 gm. One group was fasted for 17 
hours, sacrificed by intraperitoneal administration of Nembutal, and used 
for the determination of the initial carcass composition of all groups. The 
animals in the four remaining groups were maintained on the 20 per cent 
corn oil, 20 per cent casein diet, two groups serving as controls and two 
groups being deprived of vitamin Bs. Following 7 days of experimental 
feeding, one control and one deficient group were fasted for 17 hours and 
sacrificed. After 21 days of experimental feeding, the remaining two 
groups were similarly fasted for 17 hours and sacrificed. In all cases, livers 
were removed prior to pooling the carcasses for analysis. Most of the 
deficient animals exhibited the typical acrodynia of vitamin Bg deficiency 
at the end of the 21 day experimental period. The results of carcass 
analyses are set down in Table I. 

Thiamine Deficiency and Carcass Composition—Twenty rats were divided 
into two groups comparable with regard to sex, number, and an initial 
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average body weight of 123 gm. Both groups were maintained on a 20 
per cent corn oil, 20 per cent casein diet differing from that described above 
in that 100 mg. of pyridoxine hydrochloride replaced the 100 mg. of thi- 
amine chloride in the vitaminized casein. The control group was provided 
with 50 of thiamine chloride per rat per day in the food. These dietary 
regimens were continued for a period of 28 days. Following a fast of 
45 hours, all animals were sacrificed by stunning, the livers removed, and 
the carcasses pooled. The results of carcass analyses appear in Table I. 
Dietary Corn Oil and Carcass Total Crude Fatty Acid Content in Vitamin 
B, Deficiency—Seventy rats were divided into seven groups, each group 
consisting of five males with an initial average body weight of 240 gm. 


Taa.e 


Average Change in Body Weight, Average Daily Food Consumption, and Carcass 
Content of Total Crude Fatty Acids, — and Water in Rats 


Average | Average —ͤ— 

Group — Total 
Protein Water 

fatty acids 
sm. om. per cent | percent | per cent 
0 4.6 22.3 | 69.5 
Pyridoxine-supplemented..... 7 | +32 13 11.7 21.0 | 64.9 
Pyridoxine-deprived.......... 3 +11 13 8.2 22.4 | 66.7 
Pyridoxine-supplemented.. ... | 21 | +55 10 | 128 22.4 | 63.9 
Pyridoxine-deprived.......... 2. +13 10 | 6.5 24.2 | 67.4 
Thiamine-supplemented...... 28 +12 | 7 4.1 2.3 71.0 
Thiamine-deprived............ 28 | -13 7 3.0 24.0 71.1 


and five females with an initial average body weight of 181 gm. One 
group was fasted for 18 hours, sacrificed by intraperitoneal administration 
of Nembutal, and used for the determination of the initial carcass total 
crude fatty acid of all groups. In this experiment, livers were not re- 
moved from the animals and male and female carcasses were pooled sepa- 
rately for each group. Two groups of animals were maintained on each 
of the three vitamin B,-free basal diets described, one group being pro- 
vided with pyridoxine and serving as a control group. The food intake 
of each supplemented group was restricted to that of the comparable 
deficient group on each diet and the average daily food consumption for 
each of the six groups was found to be 11 gm. Following 27, 28, and 29 
days of experimental feeding for the rats on 0, 5, and 20 per cent corn oil, 
respectively, the animals were fasted for 18 hours and sacrificed by Nembu- 
tal administration. The results of total crude fatty acid determinations 
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are found in Table II. Acrodynia was observed in all animals not pro- 
vided with pyridoxine, but attained a severe stage only in those maintained 
on the fat-free basal diet. The addition of corn oil to the basal diet, either 
at the 5 or 20 per cent level, had no apparent effect upon the rate of ap- 
pearance of the acrodynia consequent to vitamin B. deficiency. 


Taste II 


Carcass Total Crude Fatty Acid Content and Average Body Weight Change in Vitamin 
B.- Deſicient and Supplemented Rats Fed Two Levels of Corn Oil 


——— — 


Per cent dietary pyridoxine Sex Carcass total crude fatty acids 
percent ™. 
Initial group + Male 0 83 | 19.9 
os os + Female 0 7.2 13.0 
0 + Male —13 10.1 | 20.0 
0 + Female +4 13.9 29.9 
0 — Male — 33 4.6 8.2 
0 | — Female —16 5.8 11.3 
5 + Male —10 9.4 18.9 
5 + Female +22 13.8 32.2 
5 — Male — 10 6.6 11.3 
5 3 Female +5 8.6 18.6 
20 | + Male +26 10.8 25.6 
20 + Female +38 13.4 33.4 
20 — Male — 30 7.6 13.8 
20 — Female —3 10.7 


RESULTS AND DISCUSSION 


For the purpose of clarity, results will be discussed separately for the 
experiments with vitamin B. and thiamine on young animals and for the 
experiment with vitamin B. and dietary corn oil on older animals. 

In relatively young rats, the results of carcass analyses demonstrated 
that vitamin B. deficiency produced a marked diminution in total crude 
fatty acids, even when corn oil was supplied in the diet, and small increases 
in protein and water. Although these latter increases were not large, 
they have been consistently observed in similar experiments in this labora- 
tory. In view of the reports in the literature that vitamin B. functions 
in nitrogen metabolism in the intact rat (6-8), itis surprising that a 
greater change in the content of carcass protein did not occur in vitamin 
Be-deficient rats. It would appear that the only significant effect of 
vitamin B, deficiency on the carcass constituents studied was on the total 
crude fatty acid content. Control rats, supplied with pyridoxine, showed 
in 21 days a marked increase in carcass total crude fatty acids, a decreased 
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proportion of carcass water, and a fairly constant proportion of carcass 
protein. Deficient rats, not supplied with pyridoxine and given the anti- 
vitamin (desoxypyridoxine), had only a slight increase in the proportion 
of total crude fatty acids, a slight increase in protein, and only a slight 
decrease in water in the same experimental period. These phenomena 
were not a consequence of inanition, since control and deficient animals 
were pair-fed. It would appear that significant effects of vitamin B, 
deficiency on carcass composition may be observed within 7 days of vita- 
min restriction. 

In three respects, the thiamine experiment was not strictly comparable 
with that of vitamin B. In the thiamine experiment, a fasting period of 
45 hours was necessary for the determination of certain liver enzyme 
activities which will be reported separately; the antivitamin, desoxypyri- 
doxine, was employed in the vitamin B. experiment; and the food con- 
sumption of thiamine-deficient animals, and their pair-fed controls, was 
less than that of the vitamin B,-deficient animals and their pair-fed con- 
trols. These factors may explain the low carcass content of total crude 
fatty acids in the thiamine-supplemented controls. It would appear, 
however, that the effects of thiamine deficiency on carcass composition 
are similar to those of vitamin B, deficiency. The data reported by 
Whipple and Church (9) demonstrated that thiamine-deficient rats exhibit 
the same alterations in carcass composition as did the vitamin B. deficient 
rats reported here. 

Ling and Chow (10) have reported the effects of vitamin Bis deficiency 
on the body composition of rats. These effects were comparable with 
those reported here for a deficiency of vitamin B. and probably of thi- 
amine. It may well be that a deficiency of any one of the B vitamins 
causes similar changes in carcass composition of the rat, at least with 
regard to a diminution in total crude fatty acid. A comparable decrease 
in body fat is caused by a multiple B vitamin deficiency (5) and by a 
vitamin A deficiency (11). It should be noted that guinea pigs deprived 
of ascorbic acid possess more body fat than do pair-fed controls (12). 

In the third experiment, in which larger rats were used, it was found 
again that vitamin B¢-deficient rats exhibited an impaired ability to in- 
crease their carcass content of total crude fatty acids as contrasted with 
increases in the pyridoxine-supplemented animals. This apparent effect 
of vitamin B. deficiency was noted in both male and female rats, indicating 
no significant sex difference in the response of carcass total crude fatty 
acid to the vitamin. Inclusion of corn oil in the basal diet did not pre- 
vent the lower content of carcass total crude fatty acids in vitamin B. 
deficient rats on comparison with their pair-fed controls. This finding 
is at variance with the observations of Carter and Phizackerley (3), but 
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the difference might be explained by the characteristics of the lipide fed, 
or might be the consequence of including the antivitamin, desoxypyri- 
doxine, in the diets of the present experiments to produce a more rapid 
and severe deficiency state. 

Between rats deficient in vitamin B. and pair-fed controls, two signifi- 
cant differences have been reported: less body weight and less body fat, 
even when the diet contained a large proportion of fat. Since the amounts 
and kinds of food were the same, the differences in body weight and in 
body fat could be due to decreased absorption in the deficient animals. 
This aspect was studied by Carter and Phizackerley (3), and they re- 
ported that a deficiency of vitamin B. did not alter absorption of protein, 
fat, or carbohydrate; a similar observation regarding protein has been 
made by us (13). If it is assumed that absorption is unaltered, there are 
two explanations of the differences in body weight and body fat: (a) an 
increase in the basal metabolism of the deficient rats; (b) inefficient energy 
production. Since the two reported observations are common for separate 
deficiencies of at least three B vitamins, it is possible that there is a com- 
mon explanation and that it is an impairment in energy production. 

SUMMARY 


Young rats not provided with vitamin B. and given the antivitamin, 
desoxypyridoxine, exhibited only a slight increase in carcass total crude 
fatty acids, a slight increase in carcass protein, and a slight decrease in 
carcass water when transferred from a stock diet to a high fat, purified 
diet for a period of 21 days. Pair-fed control rats exhibited a marked 
increase in carcass total crude fatty acids and a decreased proportion of 
water and retained a relatively constant proportion of protein during the 
same experimental period. The alterations in carcass composition con- 
sequent to a deficiency of vitamin B. may be duplicated by thiamine 
deficiency under the experimental conditions employed. Older rats de- 
prived of vitamin B. and given the antivitamin, desoxypyridoxine, ex- 
hibited lower carcass total crude fatty acids than did pair-fed controls. 
Inclusion of corn oil in the basal diet at either a 5 or 20 per cent level did 
not prevent this phenomenon, though it appeared to prevent the develop- 
ment of a severe stage of acrodynia in the deficient animals. 
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By MELVIN LEVINE anv JOHN V. FOPEANO, In. 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor, Michigan) 


(Received for publication, December 4, 1952) 


Previous work on the effect of ethionine on the liver lipide of rats has 
shown that injection of large amounts of Dbi-ethionine into rats results in 
the development of fatty livers in females within 24 hours whereas males 
are variable in their response (1, 2). The addition of ethionine to the 
diet seems to have no effect on the liver lipide of male rats (3) and under 
some conditions (4) ethionine appears to be lipotropic. No data are avail- 
able on the effect of feeding ethionine to females. 

Tarver and his colleagues interpret their data on the inhibition of la- 
beled methionine and glycine incorporation in rats by ethionine (5) as 
indicating an interference with protein synthesis. Stekol and Weiss be- 
lieve that, to some extent, the toxicity of ethionine is due to its conversion 
to triethylcholine (TEC) (6, 7). TEC has been shown to be lipotropic 
by McArthur and Lucas (8) and others. Levine and Tarver (9) found 
evidence to indicate that ethionine may be taken up into the proteins 
in vivo to form abnormal products. 

It was believed that paired feeding experiments, in which a concentration 
of ethionine which would allow slow growth without a choline or meth- 
ionine supplement (3) was used, might indicate how ethionine exerted its 
effect, and whether the results obtained in long term feeding experiments 
could be reconciled with those obtained by injection of ethionine. The 
data presented below indicate (1) that ethionine is not lipotropic in male 
rats, (2) that ethionine is antilipotropic in female rats, (3) that it induces 
the formation of abnormal protein in the liver, and (4) that the lowered 
caloric intake and the increased water content of the liver of animals 
receiving ethionine account for the apparent lipotropism of this amino 
acid. 

. Methods 

Young male and female albino rats from several litters obtained from 
the Department of Pathology were grouped according to weight and sex 


* This work was supported in part by a grant from the Faculty Research Fund 
of the Horace H. Rackham School of Graduate Studies (Project No. 827), University 
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and housed in individual screen bottom cages. Groups receiving ethionine 
were fed the diet ad libitum. Food was weighed daily and an equal 
amount of the basal diet was given to paired controls. A second set of 
controls received the basal diet ad libitum. Several animals which refused 
the diet during the course of the experiment were discarded. 


Taste I 
Growth of Rats on 25 Per Cent Casein Diets, with and without Supplemental Ethionine 
and Choline 

The values given are averages for groups of nine to twelve rats maintained on the 
diet for 24 days. For composition of the diet, see the text. Ethionine and choline, 
when present, made up 0.275 and 0.265 per cent of the diet, respectively. Eight of 
the twelve groups of rats were fed ad libitum. Rats in Groups 2, 5, 8, and 11 were 
paired to rats in Groups 1, 4, 7, and 10, respectively. 


Weight | Gain 
Initial Final day Pet gm. food eaten 

„„ „„ 
1 | M. | Ethionine 75.0 128.8 7.3 2.2 0.30 + 0.02° 
2 * None 77.0 14.5 7.3 | 2.8 | 0.38 + 0.02 
3 * 1 72.5 194.5 10.6 5.1 0.48 + 0.01 
4 | PF. Ethionine 78.5 9.5 5.7 0.8 0.14 + 0.04 
1 None 72.5 110.0 5.6 1.6 0.20 + 0.05 
6 * * 60.0 159.0 9.3 3.8 0.41 + 0.01 
7 M Ethionine, choline 79. 0 184.0 9.8 4.4 0.45 + 0.01 
8 * Choline 2.5 1. 9.7 8.1 0.63 4 0.01 
9 . 0 24.5 12.3 6.5 0.53 4 0.01 
10 F Ethionine, choline 72.55 148.5 8.4 3.2 0.38 + 0.01 
11 * Choline 70.5 1005 8.2 3.8 0.46 + 0.01 
12 2 1 67.0 161.0 9.1 3.9 0.43 + 0.02 


* Standard error of the mean = (2(X — M)*/n(n — 1))!, where A is the individual 
observation and M is the mean of n observations. 


The composition of the basal diet used approximated that of Stekol and 
Weiss (3) and contained vitamin-free casein (Labco) 25, sucrose 15, corn- 
starch 28, salts (10) 2.5, corn oil (Mazola) 20, cod liver oil 5, Ruffex 3.5, 
and vitamin mixture 1 per cent. The vitamin mixture consisted of corn- 
starch 95.5 gm., thiamine hydrochloride 37 mg., pyridoxine hydrochloride 
37 mg., riboflavin 75 mg., calcium pantothenate 300 mg., p-aminobenzoic 
acid 300 mg., nicotinic acid 375 mg., and inositol 2.5 gm. 

The ethionine diet contained 0.275 per cent bi- ethionine (U. S. Indus- 
trial Chemicals, Inc.), replacing an equal amount of corn-starch in the 
basal diet. This amount was used, since it allowed slow growth without 
methionine or choline supplementation (3). Choline hydrochloride, when 
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present, was equimolar to ethionine and constituted 0.265 per cent of the 
diet. The rats were allowed water ad libitum and were weighed every 4 
days. Growth on the various diets is presented in Table I. 

At the end of 24 days the rats were killed by decapitation and exsanguin- 
ated. The livers were quickly removed, blotted with filter paper, weighed, 
cut up, and dropped into absolute alcohol. Lipides were extracted by 
the method of Best, Channon, and Ridout (11). The lipide-free, finely 
ground residue was dried at 105° for several hours and allowed to equili- 
brate with air at room temperature overnight before being weighed. The 
sum of the weights of the lipide fraction and of the lipide-free residue was 
used as the dry liver weight. The difference between this figure and that 
for wet weight of liver was used as the water content of liver. The lipide- 
free residue was extracted once with cold 10 per cent trichloroacetic acid 
(TCA) and twice with cold 5 per cent TCA. The residue was then treated 
with hot 5 per cent TCA to remove nucleic acids (12) and washed again 
with hot 5 per cent TCA. Although lipide-free, the residue was washed 
twice with boiling absolute alcohol, centrifuged while still hot, and dried 
by washing twice with ether. The second hot TCA extraction and the 
two hot alcohol extractions were found to be necessary to remove glycogen 
which, as preliminary investigations had indicated, could not be removed 
by extraction with cold TCA. The residue was heated to 105° for 3 hours’ 
allowed to equilibrate in air overnight, and weighed. This preparation 
is referred to as liver protein. 


Results 


Table I indicates that the inhibition of growth in rats receiving ethionine 
is, in part, due to the lower food intake, since paired controls grow at a 
lower rate than controls fed ad libitum. The effect is quite marked in ani- 
mals which receive no choline, when the paired controls (Groups 2 and 5) 
grow at about one-half the rate of controls fed ad libitum (Groups 3 and 6). 
In males receiving choline the difference in rate of growth is smaller 
(Groups 8 and 9), while in females receiving choline (Groups 11 and 12) 
there is no real difference. This is reflected in the protein content of the 
liver which is discussed below. In all cases, animals receiving ethionine 
utilized food less efficiently than paired controls, as shown by the smaller 
gain in weight per gm. of food consumed. 

Male and female rats receiving ethionine unsupplemented by choline 
had consistently higher amounts of water in the liver than controls. 
Males receiving ethionine (Group 1) had a liver water content of 73.0 
+ 0.6 per cent as compared to 69.1 + 0.4 per cent for paired controls 
(Group 2) and 67.7 + 0.7 per cent for controls fed ad libitum (Group 3). 
The value for Group 1 is significantly higher than both control groups, 
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since t is found to be 5.40 (y < 0.01) and 5.75 (y < 0.01) when the mean 
of Group 1 is compared with the means of Groups 2 and 3, respectively. 
Females receiving ethionine but no choline (Group 4) had 72.1 + 05 
per cent water in the liver. This figure is significantly higher than the 
69.2 + 0.3 per cent found for paired controls (Group 5) (¢ = 4.97, p < 
0.01) and also significantly higher than the 69.4 + 0.3 per cent water 
found for controls fed ad libitum (Group 6) (t = 4.63, p < 0.01). ¢ values 
were calculated according to Fisher (13) by the statistical method de- 
scribed in Table IT. 

In contrast to these results, the water content of the livers of rats which 
received choline as well as ethionine did not differ significantly from those 
of the paired controls or those fed ad libitum. The livers of animals of 
Groups 7 to 9 had contained 71.1 + 0.5, 70.1 + 0.4, and 69.3 + 0.7 per 
cent water, respectively, with no significant differences between the means. 
Groups 10 to 12 all contained 70 per cent water in the livers. The greater 
amount of water in the livers of rats receiving ethionine without a choline 
supplement is accompanied by a relative increase in the protein content 
of the liver. This will be discussed below. 

The data in Table II show the effect of the various dietary treatments 
on the content of liver lipide, as per cent of both wet and dry weight of 
liver. It is evident that at least two factors must be considered in an inter- 
pretation of the effect of ethionine on liver lipide, the caloric intake and 
the changed water content of the livers of rats receiving ethionine. The 
latter is reflected in several significant differences observed in a compari- 
son of liver lipide as per cent of wet and dry liver weight. 

On a wet weight basis, male rats receiving ethionine and no choline 
(Group 1) have a significantly lower liver lipide content than controls fed 
ad libitum (Group 3). However, when computed on a dry liver weight 
basis, there is no significant difference between the two groups. This 
is also noted in female rats which received ethionine (Group 4) when com- 
pared with controls fed ad libitum (Group 6). On the basis of fresh liver 
weight, there is no significant difference between the liver lipide levels, 
whereas, on the basis of dry liver weight, the ethionine-fed animals have 
a significantly higher liver lipide content. Such differences in the per cent 
liver lipide content, when calculated on the basis of wet and dry weights 
of liver, are not seen among rats receiving a choline-supplemented diet 
(Groups 7 to 12). In the latter groups, the smaller differences in growth 
rate found between animals receiving ethionine and their controls (Table I) 
indicate an improved nutritional state over rats not receiving choline. 
This improved nutritional state apparently reverses the tendency toward 
increased water content in the livers of ethionine-receiving animals. 

Computed on a wet liver basis, the lipide content of the livers of male 
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rats receiving ethionine but not choline (Group 1) is lower, but not sig- 
nificantly so, than the lipide content of paired controls (Group 2). When 
the lipide content is calculated on the basis of dry liver weight, Group 1 is 


Taste II 
Effect of Feeding vi-Ethionine on Liver Lipide Content of Male and Female Rats 
See Table I for explanation of diets and supplements. 


of differences of differences 


means“ means“ 
with od ied 
| | | libitu fed | fed 
per cont ‘ per cont ‘ ‘ 
1 10 7.35 + 0.311.185 37 26.5 + 0.7 1.46 1.30 
(p < 0.01) 
2 | 10, 7.88 + 0.34 2.74 21.8 + 0.9 2.18 
(p < 0.02 | (p < 0.05 
> 0.01) | > 0.02) 
3 1110.31 + 0.80 28.7 + 1.5 
4 10 7.66 + 0.39 2.89 1.42 27.3 + 1.0 4.62 3.77 
„ < 0.02 | | (p < 0.01) (p < 0.01) 
> 0.01) | 
5 10 6.57 + 0.18 1.2 | 21.6 + 0.7 1.00 
6 | 22.7 0.7 | 
7 9 7.54 + 0.28 2.81 83 26.1 + 0.8 4.13 2.11 
| © ak | (p < 0.01) 
0.01) | 
s 9 6.50 + 0.24 0.48 | 21.7 + 0.7 0.16 | 
9 9 6.84 + 0.66 22.0 + 1.8 | | 
10 5 9.55 + 0.44 6.58 6.31 31.7 + 0.9 10.4 8.25 
(p < 0.01) (p < 0.01) (p < 0.01) (p < 0.01) 
11 5 6.58 + 0.10 0.85 21.9 * 0.3 0.78 
0 6.35 + 0.25 21.2 + 0.9 


— — 


*¢ values were calculated by the expression, (M. M + 170% 
— Mi)? + — (u. + nz — 2))', where Mi and M. are the means of 
the two groups of observations, XI and X; are the individual observations, and n, 
and nz are the number of rats in each group (13). 

Standard error of the mean. 


slightly, but not significantly, higher than Group 2. From these results 
and the previous comparison of ethionine-fed animals (Group 1) with the 
controls fed ad libitum (Group 3), it is clear that in male rats, under the 
conditions of this experiment, the caloric intake is of importance in de- 
termining the content of liver lipide. Further, it is evident that any ap- 
parent tendency to a lowering of the liver lipide by ethionine is due to 
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restricted food intake as well as to significant differences in the water 
content of the livers. 

Further evidence that ethionine is not lipotropic when fed in the diet, 
but rather tends to raise liver lipide, is given by a comparison of Groups 
7 to 9, comprising males which received the choline supplement. The 
amount of lipide in the livers of rats in Group 7, which received ethionine, 
is significantly higher than that of Group 8, the paired controls, both on a 
wet and dry liver basis, but is not significantly higher than that of Group 
9, the controls fed ad libitum. It is noteworthy that male rats on the ad 
libitum basal diet, both with and without choline, do not respond in a con- 
sistent manner, as shown by the relatively large standard error of the 
mean. Other investigators (1, 2) have observed the same inconsistency 
when ethionine is injected into males. 

Feeding experiments with diets containing ethionine have, in the past, 
been restricted to male rats. Tarver and his colleagues have found (1, 2) 
that female rats given large doses of ethionine intraperitoneally developed 
fatty livers within 24 hours. In the present experiment it is seen that 
ethionine fed in moderate amounts in the diet induces fatty livers in 
females which are significantly higher in lipide content than livers of paired 
contros (Groups 4 to 6, 10 to 12). A comparison of Group 4, which re- 
ceived ethionine but not choline, with Group 10, which received ethionine 
and choline, shows that in females choline enhances the tendency toward 
fatty liver. As a result, animals in Group 10 have a significantly higher 
liver lipide content than paired controls of Group 11 or controls of Group 
12 fed ad libitum. This is true whether lipide content is calculated on 
the basis of wet or dry weights of liver. It should not be overlooked that 
animals receiving choline in the diet ate more and grew better than those 
which received no choline supplement. Thus the higher content of liver 
lipide in animals in Group 10 as compared to that in rats in Group 4 may 
be merely a reflection of an improved nutritional state. 

Stekol and Weiss interpret their results with male rats (3) as indicating 
no interference by ethionine with the turnover of liver lipides. The re- 
sults obtained under the present experimental conditions show that in both 
males and females receiving choline in amounts equimolar to the ethionine 
of the diet the liver lipide content is significantly higher than that in con- 
trols receiving an equal amount of the basal diet. In females, which 
develop fatty livers more easily than males on an ethionine diet, the lipide 
content is also significantly higher than that in the controls fed ad libitum. 

Various investigators (14-16) have noted that the liver protein of rats, 
calculated as per cent body weight, depends upon the amount of protein 
in the diet. Fasting results in a lowering of the liver protein as per cent 
of the body weight. Kosterlitz (16) has shown that a computation of 
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protein as per cent of fresh liver will tend to hide protein changes due to 
variations in lipide, nucleic acid, and water. In Table III are given the 
calculations of liver protein as per cent of final body weight. It is clear 
that ethionine-fed animals which received no dietary choline (Groups 1 
and 4) have significantly higher liver protein contents calculated as per 
cent of body weight than do the paired controls (Groups 2 and 5). On the 


Taste III 


Effect of Supplemental Dietary vu-Ethionine on Liver Protein Content of Male and 
Female Rats 


See Table I for diets and supplements and Table II for calculations of t. 


Comparison of differences between means 


—— — — — — — — 


tas body weight 112 ith | Controls fed ad 
Ethionine-fed with paired Controls libitum with paired 
— fed ad | controls 


per cont | 


1 10 0.94 40.05 2.40 0.57 
0.05 > 0.0 
2 10 0.82 + 0.02 | 4.58 
| (p < 0.01) 
3 11 0.97 + 0.03 | 
4 10 0.99 + 0.03 3.04 0.80 
| (p < 0.01) | 
5 10 0.80 + 0.0 | 4.40 
| | (p < 0.01) 
6 12 0.96 + 0.03 
7 9 0.86 * 0.03 2.02 2.06 
8 9 | 0.78 + 0.02 6.21 
| (p < 0.01) 
9 9 0.94 + 0.02 | 
10 9 0.86 * 0.02 1.23 0.82 
1 9 0.83 + 0.02 1.31 
12 10 =: 0.88 + 0.03 


— — — 


other hand, rats receiving choline along with the ethionine (Groups 7 and 
10) have contents of liver protein which do not differ significantly from 
those of their paired controls (Groups 8 and 11). A comparison of paired 
controls (Groups 2, 5, 8, and 11) with controls fed ad libitum (Groups 3, 
6, 9, and 12) shows that, except for females receiving choline (Group 11), 
all groups which were restricted in diet have a significantly lower content 
of liver protein than controls fed ad libitum. It is noteworthy that female 
controls fed ad libitum and receiving choline (Group 12) had a daily food 
intake only 11 per cent greater than that of the paired controls in Group 11 


A 
4 
* 
4 
> 


* 
} 
‘ 
y 
1 
1 
oth 
> 
me 
On- 
ich | 
ide 
m. 
| 
Pil 
14 t 
1 
4 


604 ETHIONINE AND LIVER COMPOSITION 


(Table I), whereas other controls fed ad libitum consumed from 27 to 66 per 
cent more food per day than their respective paired controls. The fact 
that there is no significant difference between the means of Groups 11 and 
12 is presumably correlated with the almost equal food consumption. This 
is in agreement with the findings of Kosterlitz (16) and Addis et al. (14, 15). 
All groups receiving ethionine have contents of protein which do not vary 
significantly from those of controls fed ad libitum, despite the restricted 
food consumption, and lower efficiency of food utilization. 


DISCUSSION 


The results obtained in the present experiment with the paired feeding 
technique show differences which have been obscured in earlier experi- 
ments (3,4). The mode of action of an inhibitor such as ethionine may not 
become apparent if due regard is not given to the caloric intake of the 
experimental animals. The results reported here indicate that any ten- 
dency toward lipotropism or lack of interference with lipide turnover by 
ethionine may have been due chiefly to differences in food intake. It has 
been shown by Griffith and Wade (17) that the development of a fatty liver 
depends, under certain conditions, on the rate of growth of the experi- 
mental animal. The relative increase of lipide in livers of rats receiving 
both ethionine and choline over those receiving only ethionine or only 
choline indicates that ethionine interferes to some extent with the turnover 
of liver lipide. 

Farber et al. (1) found that choline did not reverse the effect of ethionine 
injections upon the induction of fatty livers, whereas large doses of sucrose 
or glucose, injected at about the same time as the ethionine, resulted in a 
marked decrease in liver lipide. These investigators concluded that the 
fatty liver was a type induced by fasting. Ackermann (18) observed that 
methionine reversed the inhibition of the multiplication of influenza virus 
by ethionine, although choline, as well as betaine, was inactive. Levine 
and Tarver found (9) that, in animals prefed a diet containing ethionine, 
less labeled ethionine was taken up into the protein than in animals re- 
ceiving the same ration without ethionine. The latter investigators pos- 
tulated a “saturation” with abnormal protein products. The present evi- 
dence concerning the effect of ethionine on the protein of liver is consistent 
with the view of the formation of abnormal protein which is not readily 
broken down or passed into the blood stream. Since choline supplementa- 
tion of the ethionine diet gives rise to a significant increase in the liver 
lipide of female rats, as well as a slight but insignificant rise in the liver 
lipide of male rats receiving ethionine, it must be concluded that the rdle 
of choline, under the conditions of this experiment, is to spare“ methionine 
for purposes of protein synthesis. The increased concentration of methi- 
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onine is then available to the animal to reverse the effect of ethionine on 
liver protein. Whether this effect on liver protein is limited to ethionine 
or may be exerted by other compounds is at present under investigation. 


SUMMARY 

1. Paired feeding experiments with diets containing pi-ethionine show 
that a tendency toward lowered liver lipide content in male rats receiving 
ethionine and no choline is due to lowered food intake and increased 
water content of the liver. The addition of choline to the diet results in 
an increase in liver lipide above that of paired controls. 

2. Female rats receiving ethionine, both with and without choline, have 
higher liver lipide contents than paired controls. 

3. The liver protein content of male and female rats receiving ethionine 
and no choline is significantly higher than that of paired controls. The 
addition of choline to the diet abolishes this difference. 

4. It is concluded that the increased liver protein content in animals 
receiving ethionine and no choline in the diet is in harmony with the pos- 
tulate that ethionine in the diet results in the formation of abnormal 
protein which accumulates in the liver. 
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FURTHER STUDIES ON THE RELATIONSHIP OF VITAMIN B. 
TO ENZYMES IN RAT LIVER* 


By J. N. WILLIAMS, In., W. J. MONSON, A. E. HARPER, anv C. A. ELVEHJEM 
˙ University of Wisconsin, 


, Wisconsin) 
(Received for publication, December 19, 1952) 


Recently it was reported from this laboratory (1) that a vitamin Bis 
deficiency in rats produces a marked reduction in liver xanthine oxidase 
and betaine-homocysteine transmethylase activities. Although the results 
of these studies indicated that vitamin B.: functions in the maintenance 
of liver xanthine oxidase and transmethylase, an involvement of the vita- 
min with these enzyme systems was only indirectly demonstrated. In 
previous work it has been reported that rat liver xanthine oxidase is sensi- 
tive to a variety of factors, particularly to the value and amount of the 
protein fed to the rat (2-6). With respect to the xanthine oxidase system, 
vitamin Bu might function to increase the biological value of ingested 
protein. Although the effects of dietary protein on liver transmethylase 
have not been studied, the same concepts would apply to that enzyme as 
for the xanthine oxidase system. 

In the present studies this problem has been investigated to ascertain 
whether vitamin Bis acts directly (by functioning as a cofactor) or in- 
directly (by increasing the biological value of the ration) on liver xanthine 
oxidase and transmethylase. These studies were carried out by depleting 
rats of vitamin Bi: and observing changes in activity of the liver enzymes 
after administering vitamin Bis to the animals for various lengths of time. 
If the vitamin functioned in the enzyme system as a cofactor or a portion 
of a cofactor, the response in activity of the enzyme should be immediate. 
On the other hand, if the vitamin served only indirectly to maintain the 
enzyme system, the response should be gradual and finally approach the 
normal activity when the deficient animals received the complete benefit 
of their whole ration. 


EXPERIMENTAL 
Weanling male rats of the Sprague-Dawley strain were used as experi- 
mental animals. They were divided into two groups, both of which re- 
* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee 


of the Graduate School from funds supplied by the Wisconsin Alumni Resaarch 
Foundation, and by a grant from Swift and Company, Chicago, Ulin >is. 
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ceived a basal corn-soya meal ration (1, 7) without iodinated casein or 
desiccated thyroid. One group served as the negative control and re- 
ceived only the basal ration without supplement. The other group re- 
ceived in addition 2 y of vitamin Bis per 100 gm. of ration. After a 5 week 
feeding period, the average weight of the twenty-six animals receiving 
vitamin Bis was 239 gm. (range, 214-261) and that of the thirty-two animals 
receiving no vitamin Bis 198 gm. (range, 180-218). At the end of the 
feeding period several animals of the negative control group and of the 
supplemented group were sacrificed for assay of liver xanthine oxidase and 
transmethylase by methods previously described (1, 8). The remaining 
animals of both groups were then injected with 2 y of vitamin Bis per rat 


Taste I 
Response of Liver Xanthine Oxidase and Transmethylase in Vitamin B,2-Deficient 
Rats to Vitamin B,, Supplementation 


— —ͤ— — — 


Xanthine oxidase „l. Os per hr. activity, y methionine formed 
Time after per | Transmethylase ty. 


vitamin Bis per hr. per gm. 

injections 

Deficient Normal Deficient | Normal 
— 

o + 8* t 20415 6) 22+ 33 (7) 430 & 31 6) 
1 181 + 22 (4) | 27418 (4) 4674 39 (4) 533 & 120 (4) 
4 204 10 (4) 260 & 17 (4) 465 & 110 (4) | 421 & 31 ( 
s 4 10 (5) | 26+ 8 4% 45 (5) 418 + 64 (3) 


* Standard error of the mean. 
The figures in parentheses refer to the number of animals used in the deter- 
mination. 


— — — — — — — — 


per day and sacrificed for the enzyme determinations after periods of 
24 hours, 4 days, and 8 days, respectively. The rats of all these groups 
were injected once each day during the respective periods. During the 
8 days of the supplementation period the normal control animals of this 
group increased in weight from 235 gm. (range, 224-256) to 274 gm. (range, 
266-282). The negative control animals of this group increased in weight 
during the 8 day supplementation period from 198 gm. (range, 186-215) 
to 262 gm. (range, 252-282). Therefore, the vitamin Bis supplement 
brought the vitamin B,;-deficient group to almost the same weight as the 
normal controls during the 8 days of supplementation. 

The results of the enzyme studies for the different groups of animals are 
presented in Table I. From the results with liver xanthine oxidase it may 
be seen that the vitamin Bis · deficieney produced approximately the same 
reduction in activity as reported previously (1). When the animals of 
this group were injected with vitamin Bis, the response was gradual, and 
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the activity did not approach the normal until 8 days after the vitamin Bi: 
injections were begun. These results indicate, therefore, that vitamin B.: 
probably acts indirectly in maintaining liver xanthine oxidase activity 
rather than by serving directly as a cofactor for the enzyme. If the latter 
were the case, a more rapid rise in xanthine oxidase would have been ex- 
pected, perhaps approaching normal after the first injection of the vitamin, 
i.e., after the 24 hour period. 

With respect to the betaine-homocysteine transmethylase system, how- 
ever, the results are much more striking. The activity of this enzyme in 
the vitamin B,.-deficient rats was markedly less than the normal group 
after the 5 week feeding period. After the first injection of vitamin By, 
the enzyme activity responded rapidly and reached the normal activity. 
There was no further increase in activity upon further supplementation, 
indicating that the maximum had been reached, which was the same, 
within experimental error, as for the normal group. Therefore, it appears 
from these results that vitamin Bis is more directly related to liver trans- 
methylase activity and may be a cofactor (or part of a cofactor) for this 
enzyme. 

DISCUSSION 

Although liver xanthine oxidase is depressed by a vitamin Bi: deficiency, 
the delayed response of this enzyme to vitamin Bi supplementation indi- 
cates that the vitamin functions in this case to maintain normal protein 
metabolism. Since it requires 8 days of supplementation for the xanthine 
oxidase to return to normal, this appears to be very similar to the time 
required for a complete response of the enzyme to a change in dietary pro- 
tein. In some previous studies (5) it has been shown that about 9 days 
are required for the rat to adjust to a change in dietary protein, as in- 
dicated by the xanthine oxidase response. Therefore, it is possible that 
vitamin Bis functions to increase the biological value of the dietary protein 
used in these studies. Investigations of this particular effect are now 
under way in this laboratory. 

Indirect evidence has accumulated in the past to indicate that vitamin 
By: influences the utilization of the methyl groups of betaine (9, 10). The 
results of the present experiments support the conclusion that vitamin Bi: 
may function directly in the enzyme system that transfers methyl groups 
to homocysteine to synthesize methionine. 


1. A vitamin Bis deficiency in the rat produces a marked reduction in 
liver xanthine oxidase and betaine-homocysteine transmethylase activities. 
2. By studying the response of these enzymes in vitamin Bis- deſicient 
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610 VITAMIN BI: AND LIVER ENZYMES 
rats to supplementation with the vitamin, it is concluded that the effect 
on xanthine oxidase is an indirect effect concerned with general protein ' 
metabolism. ‘Transmethylase, however, responds completely after a single 
injection of vitamin Bis, indicating that this enzyme may require the vita- 
min as a cofactor or cofactor precursor. 
(F 
We wish to thank Miss Dorothy Arata and Mr. Duane Benton for their 
aid in various phases of this work. 
BIBLIOGRAPHY 
1. Williams, J. N., Jr., Monson, W. J., Sreenivasan, A., Dietrich, L. S., Harper, a- 
A. E., and Elvehjem, C. A., J. Biol. Chem., 202, 151 (1953). 2 
2. Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem.,, 181, 559 (1949). fre 
3. Williams, J. N., Jr., Denton, A. E., and Elvehjem, C. A., Proc. Soc. Exp. Biol. 
and Med., 72, 386 (1949). in 
4. Litwack, G., Williams, J. N., Jr., Feigelson, P., and Elvehjem, C. A., J. Biol. th 
Chem., 187, 605 (1950). uti 
5. Litwack, G., Williams, J. N., Jr., Chen, L., and Elvehjem, C. A., J. Nutr., C. ch: 
229 (1952). 
6. Litwack, G., Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. Chem., 201, 261 5 
(1953). 
7. Lewis, U. J., Tappan, D. U., Register, U. D., and Elvehjem, C. A., Proc. Soc. the 
Exp. Biol. and Med., 74, 568 (1950). aci 
8. Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941). 4 
9. Jukes, T. II., Stokstad, E. L. R., and Broquist, II. P., Arch. Biochem., 26, 453 ack 
(1950). ‘ 
10. Jukes, T. II., and Stokstad, E. I. R., J. Nutr., 48, 209 (1952). — 
ſoli 
of 
cys 
we 
the 
pon 
evel 
folic 
acid 
and 
State 
Canc 
t 


PEER 


VITAMIN Bi: AND FOLIC ACID IN THE BIOSYNTHESIS OF 
COMPONENT AMINO ACIDS OF GLUTATHIONE“ 


Br ETHEL I. ANDERSONf anv JAKOB A. STEKOL 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, December 22, 1952) 


The carbon chain of cysteine originates from that of serine (1). The 
a-carbon of glycine becomes incorporated into the 8 position of serine 
(2) and hence into the carbon chain of cysteine (3). Previous studies 
from this laboratory indicated the possible involvement of vitamin Bi: 
in the conversion of glycine to serine in rats (4). It was anticipated, 
therefore, that vitamin Bis deficiency in the rat will be reflected in poor 
utilization of the a-carbon of glycine for the elaboration of the carbon 
chain of cysteine. Indeed, in the vitamin B.- deficient rat the utilization 
of glyeine-2-CM for the synthesis of cysteine of the mercapturic acids was 
decreased (5). A similar decrease in the utilization of glyeine-2-C for 
————— — (4), and cysteine of the mercapturic 

acids (5) was observed in folic acid-deficient animals. 

The present study is concerned with the effect of vitamin Bis or folic 
acid on the extent of utilization of glyeine-2-CM and L-cystine-S* for the 
biosynthesis of glutathione in the rat. Previous observations of Bloch 
(7) and Snoke and Rothman (8) indicated that neither vitamin By nor 
folic acid is involved in the activation of the enzymatic systems capable 
of synthesizing glutathione from the constituent amino acids, glycine, 
cysteine, and glutamic acid. In confirmation of the above reports (7, 8), 
we observed that neither vitamin Bis nor folic acid deficiency impaired 
the incorporation of glycine-2-C“ or cysteine-S* into the respective com- 
ponents of glutathione of rat liver. The incorporation of the a-carbon of 
glycine into the cysteine and glutamic acid moieties of glutathione, how- 
ever, was decreased by either deficiency, particularly by the deficiency in 
folic acid. The data indicate the involvement of vitamin Bis and folic 
acid in the pathways of conversion of the a-carbon of glycine to cysteine 
and glutamic acid in the intact rat. 

* This work was aided by a grant from the National Cancer Institute, United 
States Public Health Service, and by an institutional grant from the American 
Cancer Society. 


t Postdoctorate Research Fellow, National Institutes of Health, United States 
Public Health Service, 1950-52. 
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EXPERIMENTAL 


Animals and Diets—Wistar rats, 2 to 24 months old, of both sexes, were 
born and raised in the laboratory. The animals were kept in cages with 
raised screen floors, and food and water were allowed ad libitum. The 
complete casein diet (vitamin-free casein, supplemented with 1.0 per cent 
of glycine, 0.5 per cent of L-cystine, 0.4 per cent of pi-threonine, and 1.0 
per cent of succinylsulfathiazole) and the deficient diets were the same as 
those previously described (4,9). The stock rats of the same age were fed 
complete rat checkers. Prior to the injection of radioglycine, the control 
and the deficient rats were fed the corresponding diets for at least 3 months. 
As has been pointed out previously (9), we were aware that our vitamin Bir 
deficient diet was probably not entirely free of the vitamin, and for this 
reason another group of rats was maintained on this diet for 6 months 
prior to the experimentation in order to secure more decisive information. 
Upon injection of the radiocompound no food was allowed during the sub- 
sequent 1 hour period, after which the animals were sacrificed by decapita- 
tion. The number of animals used is indicated in Tables I to IV. 

Procedure and Methods—A standard dose of the radiocompound, dis- 
solved in water or dilute HCl, was injected intraperitoneally. 1 hour 
later the animals were killed, and the livers were removed, weighed, and 
pooled for each group separately. The livers of rats described in Table I 
were analyzed separately for each animal in the respective groups in order 
to obtain information regarding the extent of variation from rat to rat in 
the concentration of glutathione in the liver. The material was homogen- 
ized in 10 per cent solution of trichloroacetic acid, and the glutathione was 
isolated from the acid extract as the cadmium salt, then purified by re- 
precipitation as the copper mercaptide (10). Glutathione determinations 
were carried out on individual or pooled livers in duplicate by the pro- 
cedure of Woodward (11) and by the iodate method (12). The values 
obtained were in excellent agreement, and the glyoxalate method (11) was 
abandoned in favor of the iodate procedure to save time and labor. 

For the isolation of the component amino acids of glutathione, 50 to 
60 mg. of the mercaptide were diluted 1:1 with carrier mercaptide, and 
25 mg. of carrier glycine were added to facilitate the isolation of glycine. 
The final dilutions of the labeled amino acids in glutathione were 1:2 
for cysteine and glutamic acid and 1:4 for glycine. The mixture was 
hydrolyzed with 4.5 ml. of 7 * HCl for 5 hours, then distilled in vacuo to 
near dryness, and redissolved in about 15 ml. of water, and the copper 
removed with H:S. The copper sulfide was removed by filtration and 
washed with water, and the washings were added to the filtrate. HS 
was removed from the filtrate with nitrogen gas. The clear hydrolysate 
was passed through a column 60 cm. long of 1.5 cm. inner diameter, packed 
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with Amberlite IR-4B (Rohm and Haas anion exchange resin), at the rate 
of 0.2 ml. per minute per ml. of resin. The ninhydrin test was used as an 
indication of the completeness of the passage of the non-adsorbed amino 
acids through the column after several washings with distilled water. The 
collected solution was distilled in vacuo to about 5 ml., and cysteine was 
isolated as the copper mercaptide. From the latter, cystine was obtained 
as described previously (3). 1-Cystine was recrystallized several times 
from dilute HCl with ammonia, washed with water, and then with ethanol 
and ether. The filtrate from cysteine copper mercaptide was freed of 
copper with H.S, and the latter was removed with nitrogen gas. The 
completeness of the removal of cysteine was indicated by the negative 
NaCN-nitroprusside test. Glycine was isolated from the solution as the 
p-toluenesulfonyl derivative. The latter was recrystallized from a mini- 
mum of hot water, and several times from ethyl ether by the addition of 
petroleum ether. The melting point of the derivative was 146-148° (cor- 
rected). Glutamic acid was eluted from the column with 0.25 N HCl 
and isolated as the hydrochloride. The glutamic acid hydrochloride, dis- 
solved in water, was neutralized to pH 3 to 3.5 with amylamine. The 
precipitated glutamic acid was converted back to the hydrochloride and 
again neutralized with amylamine. This procedure was repeated several 
times. Finally, the free glutamic acid was washed with water, then with 
acetone, and dried in vacuo. The constancy in specific activities of the 
isolated amino acids following repeated recrystallizations served as an 
indication of the purity of the isolated product. As a further check, the 
isolated cystine and glutamic acid were chromatogramed on paper, and 
a single spot was obtained on each. Corresponding controls were run 
simultaneously. 

Radioassay Procedure—An aqueous solution of either the free glutathione 
or the amino acids (or derivatives) containing 0.1 mg. of carbon was dried 
under infra-red heat on an aluminum planchet 2.85 sq. em. in area. This 
drying technique did not alter the radioactivity of duplicate samples which 
were dried in vacuo. Counting was made in duplicate to within +5 per 
cent error, with a windowless gas flow counter. All samples were then 
converted quantitatively to BaCO, by the wet combustion method (13) 
and counted once more. The observed activity obtained on 0.1 mg. of 
carbon of the compound was then multiplied by 120 to give the activity 
per millimole of carbon. This value is referred to in Tables II and IV 
as the specific activity in counts per minute at “infinite thinness” after 
the appropriate corrections for the dilution by the carrier amino acids 
and the background count. For the calculation of the extent of incor- 
poration of either glycine-2-C" or eystine-S into liver glutathione, the 
value for the specific activity of glutathione was multiplied by the amount 
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of glutathione present in the livers (expressed in millimoles of carbon) 
and divided by the total counts administered as glycine-2-C™ or cystine- 
S**. This value, expressed in per cent, is referred to as the “per cent of 
total activity.” The glutathione and its component cysteine were counted 
as such after the administration of cystine-S*. Glycine-2-C" was counted 
as such and as BaCO, upon its combustion; L-cystine-S** was counted 
as such. The specific activity of glycine-2-C" (obtained from Tracerlab, 
Inc.), counted as BaCO;, was 3.16 X 10°, and that of L-cystine (obtained 
from the Abbott Laboratories), 2.89 Xx 10 in counts per minute at infinite 
thinness.” 


In Table I are summarized data on the liver content of glutathione for 
male and female rats of the same age, which were fed the synthetic diets 
and the stock checker diet. The liver glutathione of rats which ingested 
the complete synthetic diet was considerably higher (by about 53 per cent) 
than the value obtained on rats fed the checkers. The apparent reduction 
of glutathione in the livers of rats which were fed the deficient diets, 
compared to the corresponding complete diet, can be explained on the 
basis of the observed enlargement of the livers and increased lipide concen- 
tration (9). These data indicate that the level of glutathione concentra- 
tion in rat liver is not independent of dietary composition. 

Administration of glyeine-2-CM to rats which were fed the complete or 
the deficient diets resulted in approximately the same extent of incorpora- 
tion of the isotope in the liver glutathione. This is illustrated in Table 
II. The analysis of the component amino acids of glutathione for their 
isotope content, however, revealed a reduction in the incorporation of the 
a-carbon of glycine into either the cysteine or the glutamic acid moieties of 
glutathione in vitamin Bis- or the folic acid-deficient rat. The data are 
summarized in Table III. Particularly striking was the reduction in the 
utilization of glycine-2-C* in the folic acid-deficient rat. It will be noted 
that a definite reduction in the extent of incorporation of the C into cys- 
teine or glutathione of vitamin B,:-deficient rats was obtained after the 
rats were fed the diet for 169 days, although the reduction in the incor- 
poration of the CM in glutamic acid was evident after 103 days on the 
same diet. As the extent of incorporation of the Ci of glycine into cysteine 
and glutamic acid decreased in the deficient animals, the extent of the 
utilization of glycine-2-C™ per se into the glutathione molecule increased. 
It is evident that the utilization of glycine per se for glutathione formation 
is not dependent on either vitamin Bis or folic acid in the diet of the rat. 

The data in Table IV show that the extent of incorporation of cysteine- 
S** into glutathione of normal and the deficient rats was about the same, 
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indicating that neither vitamin Bis nor folic acid is involved in the peptide 
bond formation of the glutathione molecule as far as glycine and cysteine 


Taste I 
Effect of Diet on Glutathione (GSH) Content of Rat Liver 
| Male Female 
Dist Fresh | 
liver li 
em. 1 me. percent | gm. | percent | me. per cont 
Complete rat checkers. .| 370 3.28 | 188 + 19 250 2.99 169 + 22 
“ synthetic....| 339 3.65 288 + 30 234 3.61 | 256 + 25 
Vitamin Biz-deficient. 413 4.19 | 218 + 39 
Folie acid-deficient. . . . . 335 5.82 | 205 + 30 158 6.44 203 + 34 


All animals were 135 to 147 days old. Each group of rats fed the complete syn- 
thetic and the deficient diets consisted of eight males or eight females. The groups 
of rats fed the checkers diet consisted of six males and four females. 

* Means and standard deviations. 


II 
Incorporation of Glycine - Ci into Rat Liver Glutathione 
10 mg. of glycine-2-C™ (total counts, 8.41 X 10°) were injected intraperitoneally 
into each rat, and the animals were sacrificed 1 hour later. After weighing, the 
livers were pooled and glutathione determined and then isolated. 


Liver glutathione 
Diet Per cent of 
per „ | Total GSH ia 138 8 
a 
(a) (b) | (e) 
C 2.62 | 4.17 1.83 3.04 
Vitamin B,,-deficientf.......... 4.20 6.70 1.81 2.88 
“ 3 | 2.52 3.72 2.11 3.12 
Folie acid-deficient§........... | 4.20 |. 4.25 2.87 2.90 


— — — — — ~ - — —— —— — 


* Three male rats per group; 102 days on diet. 
t Five male rats per group; 103 days on diet. 
Three male rats per group; 169 days on diet. 
§ Five male rats per group; 80 days on diet. 


are concerned. This conclusion is in accord with those of Bloch (7) and 
Snoke and Rothman (8). It will be also noted from data in Table IV 


that considerably more cysteine- S than glycine-2-C" (Table II) entered 
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glutathione. This observation is explainable on the basis of the relative 
dilutions of the administered radiocompounds by dietary cystine and gly- 
TanL III 
Distribution of Activity in Liver Glutathione and Activity of Glycine of Liver Protein 
after Administration of Glycine-2-C™ 


Total activity X 10-4, e. pm. 
bin“ Ne. Glycine Cysteine Glutamic acid | 
— — 
per cent Per cent rer cent liver protein 
of (a) of (a) “of (a) | 
(a) | | 
1 18.3 16.63 | 90.6 1.56 8.53 0.92 5.03 2.73 
2 18.1 16.52 91.2 1.92 10.51 0.22 1.21 
3 21.1 19.94 94.5 0.96 4.50 0.38 1.80 1.46 
ae 28.7 27.92 97.2 0.35 1.22 0.0 0.0 | 2.00 


»Diet 1 is the complete synthetic diet; Diet 2 the vitamin Bi:-deficient diet 
which the rats ingested for 103 days; Diet 3 is also vitamin Bi:-deficient, which was 
ingested for 169 days; Diet 4 is the folic acid-deficient diet. The number of animals 
per group on each diet is indicated in Table II. 

t Total activity is the specific activity of the compound times the number of 
carbons in the compound. 
TanL IV 
Incorporation of u-Cystine-S** into Liver Glutathione of Rats Maintained on Normal 
Diet or Diets Deficient in Vitamin Bi: or Folic Acid 
The rat on the complete diet received 1 mg. of L-cystine-S**; each of the rats on 


the deficient diets received 2 mg. of L-cystine-S**. The amino acid was injected 
intraperitoneally, and all the animals were sacrificed 1 hour later. 


Total counts | 
oop | xX 10-8 
| | 
| (b) (e) 
c mu S 

1 2.38 0.100 2.32 11.1 
Vitamin Bis-deficient . 9.52 0.178 6.60 12.1 
Folie acid-deficient.......... Po 9.52 0.208 | 5.43 | 12.3 


+ The complete diet was fed for 98 days, the deficient ones for 112 days prior to 
the injection of L-cystine-S*. The livers were pooled. 


cine. The diets furnished nearly 3 to 3.5 times as much glycine as cystine 
(14 mm of glycine and 4.4 mm of cystine per 100 gm. of diet). 

It will be noted from Table III that the isotope concentration in glycine 
of liver protein after the administration of glyeine-2-CW was considerably 
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lower than in glycine of liver glutathione. This observation is in accord 
with that of Waelsch and Rittenberg (10) in that the administered glycine 
entered the glutathione molecule directly and not via liver protein. 

The decreased incorporation of glycine-2-C“ carbon into the cysteine 
and glutamic acid moieties of glutathione in vitamin Bis or folic acid- 
deficient rats is in accord with the observed decreased incorporation of 
glycine-2-C carbon into both moieties of choline (4) and the cysteine of 
the mercapturic acids in rats (5) and into serine of chick liver (6) under 
comparable dietary conditions. The interference by the deficiencies in 
vitamin Bis or folic acid with the conversion of glycine to serine appears 
the most likely explanation of the data. The probable pathway for the 
incorporation of glycine-2-C™ carbon into glutamic acid is via serine — py- 
ruvic acid — tricarboxylic acid cycle to a-ketoglutarate — glutamic acid. 
Under dietary conditions of limited supply of preformed cystine, serine, 
and glutamic acid, conditions under which the animal must rely on the 
mechanisms which elaborate the necessary amino acids for the biosynthesis 
of glutathione, vitamin Biz and folic acid (as well as certain other vitamins, 
particularly pyridoxine) deficiencies may be expected to be reflected in 
lowered elaboration of glutathione in the animals. 


The authors wish to acknowledge the assistance of Miss Phyllis Smith 
in the preparation of the diets. The isotopic material was obtained on 
allocation through the Atomic Energy Commission. 

SUMMARY 

1. Glycine-2-C™ or L-cystine-S** was administered intraperitoneally to 
rats which were maintained on normal diets, or the same diets which were 
deficient either in vitamin Biz or folic acid. Liver glutathione was de- 
termined, then isolated. The radioactivity of glutathione and its compo- 
nent amino acids was determined. 

2. Neither vitamin Bis nor folic acid affected the incorporation of either 
glycine-2-C™ or cystine-S** into the glycine or cysteine components of 
glutathione, respectively. Either deficiency, however, decreased the con- 
version of the a-carbon of glycine into the cysteine and glutamic acid moie- 
ties of glutathione. 

3. Although neither vitamin Bi: nor folic acid appears to be involved 
in the systems which catalyze the synthesis of glutathione from glycine, 
cysteine, and glutamic acid, both vitamins appear to be involved in the 
pathways of conversion of glyeine-2-CM to cysteine and glutamic acid. 
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THE METABOLISM OF HEXOSE AND PENTOSE 
PHOSPHATES IN HIGHER PLANTS* 
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(From the Western Regional Research Laboratory, Bureau of Agricultural and Industrial 
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of Agriculture, Albany, and the Kerckhoff Laboratories of Biology, 
California Institute of Technology, Pasadena, California) 


(Received for publication, October 1, 1952) 


The pathway of carbohydrate degradation, which begins with the action 
of G-6-P dehydrogenase' on G-6-P, has been studied by a number of work- 
ers (1-9). Their results have shown the operation of this scheme in a 
variety of tissues (yeast, red blood cells, and mammalian liver). The 
existence of G-6-P dehydrogenase in various seeds (10) suggests the oc- 
currence of this system in higher plants. The present paper reports the 
results of an investigation of this system in extracts of spinach and pea 
leaves. The sequence of reactions beginning with G-6-P is as follows: 
The hexose phosphate is dehydrogenated by an apparently conventional 
TPN enzyme to 6-PG and then oxidatively decarboxylated to pentose 
phosphate by a TPN 6-PG dehydrogenase. The resulting pentose phos- 
phate, a mixture of ribose and ribulose phosphate, is then converted, in 
part, to sedoheptulose phosphate. Balance experiments carried out with 
R-5-P indicate that 2 moles of R-5-P give rise to 1 mole of triose phos- 
phate and 1 mole of heptulose phosphate. Time lags in attaining the 
proper ratio indicate the transient formation of a non-ribose, non-heptulose 
compound that may be a precursor to the heptulose phosphate; however, 
efforts to show the existence of glycolaldehyde were negative. The hep- 
tulose phosphate itself is in large part transformed to a mixture of G-6-P 
and F-6-P. In the presence of TPN (DPN is considerably less effective) 
the triose phosphate is transformed to pyruvic acid and inorganic phos- 
phate. Unlike its better known counterpart in the Embden-Meyerhof 
scheme, this reaction does not require ADP, nor is its action accelerated 
by arsenate in the absence of ADP. 


* Report of work supported in part by the Herman G. Frasch Foundation for 
Agricultural Chemistry. 

The following abbreviations will be used: ADP, adenosinediphosphate; DPN, 
diphosphopyridine nucleotide; FDP, fructose-1,6-diphosphate; F-6-P, fructose-6- 
phosphate; G-6-P, glucose-6-phosphate; GSSG, oxidize@ glutathione; GSH, reduced 
glutathione; 6-PG, 6-phosphogluconie acid; R-5-P, ri -5-phosphate; TCA, tri- 
chloroacetic acid; Tham, tris(hydroxymethy]l)aminomethane; TPN, triphosphopyri- 
dine nucleotide. 
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Materials and Methods 


All of the reagents were of commercial origin, unless otherwise noted. 
R-5-P was prepared by the acid hydrolysis of adenosine-5-phosphate (11). 
Ribulose was prepared according to Glatthaar and Reichstein (12). The 
contaminating aldose was oxidized to aldonic acid with bromine and re- 
moved with Permutit S.? Dr. N. K. Richtmyer of the National Institutes 
of Health kindly supplied us with the various heptuloses. 

The spinach acetone powder was made by grinding frozen leaves with 
twice their weight of acetone in a blender at —20°. The residue was 
reextracted, freed of residual acetone, and stored at —20°. The enzyme 
extract was made by suspending the acetone powder in 8 times its weight 
of distilled water and extracting for 15 minutes. All operations were 
conducted at 2°. Insoluble material was removed by centrifugation at 
19,000 X g for 20 minutes (Stage I). The resultant solution was made 
0.7 saturated with respect to ammonium sulfate and the pH adjusted to 7 
with strong KOH. The precipitate formed after 15 minutes was col- 
lected by centrifugation, dissolved in a small quantity of water, and dia- 
lyzed for 4 hours against two changes of distilled water. Such prepara- 
tions have been stored at —20° for 7 months without loss of the activities 
studied (Stage II). 

The pea leaf enzyme consisted of a water extract of an acetone powder 
of pea leaves, prepared as described above, and then dialyzed for 3 hours 
against two changes of distilled water. Pentose determinations were 
made by the method of Mejbaum (13). Pentose values are corrected for 
heptose interference. Heptulose was determined by a modification of 
the Dische, Shettles, and Osnos CyRI procedure for hexose (14). The 
density of the resultant solutions was measured at 505 my after 18 hours. 
The determinations are possible in the presence of glucose, fructose, G-6-P, 
F-6-P, FDP, R-5-P, ribose, ribulose, and dihydroxyacetone phosphate. 
The method does not permit distinction between mannoheptulose, sedo- 
heptulose, and glucoheptulose. FDP and triose phosphate were deter- 
mined as alkali-hydrolyzable phosphorus after incubation of the solutions 
to be tested with muscle aldolase and cyanide (15). 

Pyruvate was determined colorimetrically directly upon its isolation as 
the 2,4-dinitrophenylhydrazone from the reaction mixture (16). In some 
cases the determination of 2,4-dinitrophenylhydrazone was made after 
its chromatographic isolation on Whatman No. | paper, with an aqueous 
1:1 mixture of 1.5 X NH,OH and saturated (NH,).CO, as solvent“ Py- 


The mention of special instruments or materials throughout this paper does not 
imply that they are endorsed or recommended by the Department of Agriculture 
over others of « similar nature not mentioned. 

* Based on an unpublished method of Dr. George Ellman, The Dow Chemical 
Company, Midland, Michigan. 
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ruvie acid gives two spots with this solvent (N., 0.27 and 0.49), owing to 
the existence of the syn- and antihydrazones. The optical density of 
the solutions resulting from the elution of the hydrazones into ethanol 
was determined at 356 my. 
Crystalline DPN glyceraldehyde phosphate dehydrogenase was prepared 
by the method of Cori, Slein, and Cori (17). Chromatography of the 
lated compounds was carried out by the procedure of Bandurski 
and Axelrod (18). The free sugars were chromatographed by the method 
of Partridge (19), with the butanol-ethanol-water mixture (10:1:2) of 
Williams and Bevenue (20) as solvent. GSH was determined by the 
method of Kassell and Brand (21). 


Results 


G-6-P Dehydrogenase and 6-PG Dehydrogenase—These enzymes, both 
TPN-specific, were readily demonstrated in spinach and pea leaf prepara- 
tions by measuring the reduction of TPN spectrophotometrically in the 
presence of the appropriate substrate.‘ For all concentrations of sub- 
strates tested, the rate of reaction with 6-PG exceeded the rate with G-6-P. 
Since diaphorase was present in these preparations, these reactions could 
be followed manometrically by adding methylene blue or colorimetrically 
with 2,6-dichlorophenol indophenol (Fig. 1). The presence of GSSG 
reductase permitted the reactions to be followed by measuring the GSH 
formed. 

Conn and Vennesland, studying G-6-P dehydrogenase in wheat germ 
(22), found that CO, was produced and concluded that this was due to 
phosphogluconate dehydrogenase activity. R-5-P was identified among 
the products resulting from the action of the pea leaf enzyme on 6-PG, by 
cochromatography of the C“-labeled product with authentic R-5-P. The 
experiment was performed as follows: A solution of 19 um of 6-PG and 19 
um of GSSG, made up to a volume of 1.6 ml. and adjusted to pH 7.5, was 
introduced into a Warburg vessel containing 0.3 ml. of Tham buffer, pH 
7.1., 0.15 u. 0.1 ml. of solution containing 130 y of TPN, and 1.0 ml. of 
the pea leaf enzyme. The radioactive 6-PG was made by phosphorylating 
uniformly labeled glucose with wheat germ particulate hexokinase (23) 
and oxidizing the product with Br,. The center well contained 0.2 ml. of 
20 per cent NaOH. The side arm contained 0.5 ml. of 2 N H.SO,4, which 
was tipped into the mixture after the reaction had run for 3000 seconds at 
37°. Following addition of the acid, the vessel was shaken an additional 
15 minutes to permit absorption of all the CO, liberated. The contents of 
the center well were then transferred to a wet combustion apparatus and the 


‘A number of plant materials were found to contain 6-phosphogluconate dehydro- 
genase, which has been the subject of a more extensive investigation by Dr. Jan 
Links at the California Institute of Technology. 
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radioactive carbonate collected as BaCO;. The counts removed from the 
center well, 8260, represented a 68 per cent recovery of one-sixth of the 
activity in the original 6-PG. The enzyme reaction mixture was fraction- 
ated to obtain the “barium-soluble alcohol-insoluble” phosphate esters 
(24) which were freed of barium with Dowex 50 and cochromatographed in 
two dimensions with authentic R-5-P. Juxtaposition of the main spot on 
the radioautograph with the blue spot shown by the authentic R-5-P after 
spraying established the probable identity of R-5-P as a reaction product. 
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Fic. 1. Reduction of 2,6-dichlorophenol indophenol, coupled to TPN oxidation 
of G-6-P and 6-PG by pea leaf enzyme. Reaction conditions, 0.5 ml. of G-6-P (or 
6-PG), 0.0025 X, 0.5 ml. of potassium phosphate buffer, 0.2 u, pH 6.5, 0.5 ml. of 2,6- 
dichlorophenol indophenol (40 ), 1.0 ml. of TPN, (80 , 65 per cent purity), 0.5 ml. 
of enzyme, Stage I, and 3.0 ml. of H,O. Reaction temperature 25°. Absorption 
measured in an Evelyn colorimeter with 540 ma filter. Reduction in absence of 


substrate was negligible. 


Formation of Other Sugars from R-5-P—When spinach enzyme was per- 
mitted to act on R-5-P, a decrease in Mejbaum-reactive material occurred. 
Chromatographic (Table I) and chemical analysis revealed the formation 
of a number of sugars as follows: 

When spinach enzyme acted upon R-5-P in the presence of bisulfite, 
alkali-labile phosphate, indicative of triose phosphate, was formed (Fig. 
2). Similar results were obtained in the absence of bisulfite. Dische (28) 
had shown in 1938 that erythrocyte hemolysates formed triose phosphate 
from ribose derivatives. The alkali-labile phosphate was determined as 
the total of alkali-labile phosphate and FDP phosphate. The molar 
ratio of pentose disappearing to alkali-labile phosphate appearing was 
somewhat higher than the expected value of 2.0. The high ratio may be, 
in part, explained by the observation that triose phosphate disappears on 
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The anomalous disappearance of the pentose discussed below also tends 
to make the ratio too high. However, when the triose phosphate was 
oxidized as it was formed (see section below, Triose phosphate oxida- 

Taste I 


Action of Spinach Enzyme on Ribose-5- phosphate ; Chromatography of Dephosphorylated 
Reaction Products 


ty of carbohydrate 
~pobility of Irectese 

Authentic compound | Corresponding unknown“ 
D 0.72, 0.72 0.68 
Sedoheptulosef................. 0.83 0.83, 0.83, 0.83 
D 1.48 1.48, 1.46, 1.49 
1.47, 1.47, 1.48 
dA 1.65 1.64, 1.64, 1.67, 1.71 
Dihydroxyacetone.............. | 


Tbe reaction mixture contained, initially, 60 ya : of R 5-P in in 3 0 mi. of H,O, 1.2 
ml. of Tham-HCl, pH 7.5, and 1.8 ml. of 1:6 dilution of spinach enzyme (Stage II). 
The reaction times were 0, 8, 17, and 32 minutes and 3 and 24 hours. Glucose and 
fructose were found only at 3 and 24 hours. The fast spot“ was especially prom- 
inent at 3 hours and “ribose X“ was most evident at 8, 17, and 32 minutes. Only 
ribose was found in the zero time control. The products were dephosphorylated 
with prostatic acid phosphatase and deionized with Dowex 50 and Permutit S before 
being chromatographed. 

* The position of the “unknown” alongside the authentic sugars is compatible 
with their behavior with the aniline-trichloroacetate spray (25), the alkaline AgNO, 
spray (26), and the orcinol spray (27), as well as with their mobilities. 

t The putative sedoheptulose had the same mobility as an authentic sample in a 
separate experiment, but was slightly faster than manno- and glucoheptulose. No 
Ry F values were obtained. 

: These values are the unpublished data of A. Revenue obtained in separate ex- 
periments and may not be strictly applicable. 


tion”), the calculation, on the basis of GSSG reduced, showed a ratio 
more nearly 2.0. 

Hypoiodide oxidation established that the triose was almost entirely 
dihydroxyacetone phosphate, but, since triose phosphate isomerase was 
present in the mixture, the triose would be expected to oceur predomi- 
nantly in the ketose form. The inclusion of bisulfite as a carbonyl-trap- 
ping agent did not alter the results. Since bisulfite is somewhat less than 
80 per cent as efficient as cyanide as a trapping reagent, when used in the 
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aldolase assay, it is conceivable that ketotriose could be formed from 
aldotriose in the presence of bisulfite. Cyanide could not be used because 
it combined readily with the R-5-P. Further identification of the product 
as triose phosphate was provided by its oxidation by crystalline DPN 
glyceraldehyde phosphate dehydrogenase of rabbit muscle (Fig. 3) and 
its conversion to pyruvic acid by the TPN dehydrogenase of the spinach 
extract as discussed below. When the phosphate esters arising from the 
action of the spinach enzyme on R-5-P were dephosphorylated and chro- 
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Fic. 2. Triose phosphate formation from R-5-P. Reaction conditions, 0.2 ml. 
of 0.5 m sodium bisulfite; 0.3 ml. of enzyme, Stage II, diluted 1:2; 0.5 ml. of R-5-P 
(70 per cent pure) 0.027 u; pH 7.5; temperature, 37°. The figures on the curve indi- 
cate the molar ratio of pentose lost to triose phosphate formed. 


matographed, a fast moving substance appeared which possibly corre- 
sponded to dihydroxyacetone (Table I). 

Ribulose was located on the chromatogram by virtue of its unique be- 
havior with the orcinol (heptulose) spray of Klevstrand and Nordal (27). 
After the chromatogram is sprayed and then heated for 1 to 2 minutes at 
100°, this sugar forms a brightly white yellow fluorescent area as viewed 
under long ultraviolet light. On heating for another 15 to 20 minutes the 
area assumes a pink to violet color, which becomes deeper as the chro- 
matogram is stored. 

Heptulose, as its phosphate, was first detected by the use of the Klev- 
strand-Nordal orcinol spray on two-dimensional chromatograms of the 
reaction products. The chromatograms obtained with the dephospho- 
rylated sugars also showed the presence of material giving the characteristic 
blue color of heptulose with the orcinol spray. The substance giving the 
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blue color moved with the same R, as did authentic sedoheptulose. The 
anhydride of sedoheptulose, sedoheptulosan, does not respond to the 
orcinol spray. An equilibrium mixture consisting of 80 per cent of the 
anhydride and 20 per cent sedoheptulose results upon treating the sugar 
or anhydride with HCl (29). Chromatography of the unknown sugars 
before and after acid treatment showed a marked decrease in orcinol- 
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Fie. 3. Reduction of DPN in the presence of rabbit muscle triose phosphate de- 
hydrogenase by glyceraldehyde phosphate formed from R-5-P by the action of 
spinach enzyme. Reaction conditions, 1.0 ml. of pyrophosphate, 0.06 M, pH 8.5, 
0.2 ml. of potassium arsenate, 0.1 u. pH 8.5, 0.1 ml. of NaF, I u, 0.5 ml. of DPN 
(00 >, 0) per cent purity), 0.1 ml. of a suspension of twice crystallized rabbit muscle 
triose phosphate dehydrogenase, 0.5 ml. of R-5-P, 0.008 u, the indicated volume of 
spinach enzyme (Stage II, and H,O to make 3.3 ml. (On the lowest curve, the en- 
zyme was withheld to the time indicated by the arrow.) Room temperature, 25°; 
temperature of the cuvette compartment not controlled. Wave-length, 340 ma. 
Optical path 1.00 em. Rabbit muscle triose phosphate dehydrogenase was present 
in great exeess over that required for the maximal rate of reduction. 


reacting material and thus provided evidence that heptulose was present. 
During the course of our work, Horecker and Smyrniotis (6) announced 
the formation of sedoheptulose phosphate by the action of rat liver acetone 
powder extracts on pentose phosphate. The Dische cysteine-sulſurie acid 
test not only served for the quantitative measurement of heptulose, but 
the absorption spectrum helped to establish the identity of the sugar as a 
heptulose. Results obtained with this method applied directly to the 
reaction mixture agreed well with the heptulose values obtained after 


quantitative chromatography and elution of this heptulose, as the free 
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sugar, thus indicating the absence of interfering substances and the equiv- 
alence of the free sugar and the phosphate. 

Fig. 4 shows the change in the absorption spectrum obtained in this 
test after increasing periods of enzyme action on R-5-P. It will be noted 
that heptulose decreases with prolonged incubation. For comparison the 
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Fic. 4. Absorption spectra in Dische test obtained with products of spinach en- 
zyme on R-5-P. Reaction conditions, 0.2 ml. of spinach enzyme (Stage II), 0.2 ml. 
of Tham-HCl, pH 7.5, 0.15 u, 0.1 ml. of H,O, and 0.5 ml. of R-5-P, 0.026 u. Rene 
tion temperature, 38°. Reaction stopped by adding 10 volumes of 5 per cent TCA. 
1 ml. of a 1:2 dilution of this mixture was employed in the Dische test. The ab- 
sorption curves were obtained with a Cary recording spectrophotometer in a 2 em. 
optical path. Spectra obtained with 25 y of sedoheptulosan monohydrate and 1% 
7 of Ba G-6-P-7H,0 of 97.4 per cent purity were used. 


absorption spectra of G-6-P and sedoheptulosan are also shown. The 
effect of varying the concentration of R-5-P on the rate of ribose disap- 
pearance and heptulose formation is shown in Table II. The molar ratio 
of twice the increase in heptulose to the decrease in ribose approaches l 
as the reaction approaches completion. It is of course obvious that pro- 
longed reaction times would cause the disappearance of heptulose and 
result in an apparent decrease in this ratio. 

The formation of hexose was demonstrated by application of the modi- 
fied Dische test (Fig. 4) as well as by the appearance of fructose and glucose 
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on the chromatograms of the dephosphorylated reaction products (Table 
I). G-6-P was also identified by its reaction with TPN and a purified 
preparation of G-6-P dehydrogenase. 

Stoichiometry of Reaction—In the modified Dische test, G-6-P and F-6-P 
are equivalent on a molar basis. Calculations based on the data presented 
in Fig. 4 indicate a good recovery of the R-5-P consumed in the reaction 
(Table III) if one assumes that the ratio of R-5-P disappearance to triose 


Taste II 
Molar Equivalence of Ribose Destruction and Heptulose Formation 


Reaction time | Ribose destroyed | 


—— — — 


— 


min. per cont 

8 35 0.57 
16 41 0.85 
64 78 0.93 


In each 1.0 ml. of reaction mixture 0.2 ml. of Tham-HCl, 0.15 st, pH 7.5, 0.05 ml. 
of spinach enzyme, Stage II, and 2.53 um of R-5-P were present. Temperature, 37°. 


Tant III 
Relation of Heptulose and Heros Formation to Pentose Disappearance 


Change, eg carbon 
7/10 X 
min. | | 
25 4.4 #40 13.2 -4.0 | 41.6 —30.8 28.4 
1275 6.5 21.8 135.8 —52.5 53.1 —36.8 37.3 


The experimental conditions are described under Fig. 4. 
* Caleulated as 3/10 X pentose (on the assumption that 0.5 mole of triose phos- 
phate is formed per mole of pentose phosphate disappearing). 


phosphate formation is 2. Such a ratio is approached when the triose 
phosphate is oxidized as formed. 

Action of Various Inhibitors and Activators on Ribolytic Reaction—The 
effect of Mg“, Mn“, and F. concentrations of 0.01, 0.01, and 0.1 u, 
respectively, on the rate of R-5-P transformation to heptulose was almost 
negligible. Each reaction tube contained in a total volume of 1.0 ml., 
0.05 ml. of spinach enzyme Stage II, 2.89 um of R-5-P, and 75 um of Tham- 
HCl, pH 7.5. Arsenite at 5 X 10% M also was without effect. The re- 
action times were 30 and 60 minutes, at 37°. When the buffer was re- 
placed by arsenate, pH 8.5, 0.01 M, or Veronal, pH 8.5, 0.014 u, there was 
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no significant effect, although phosphate, pH 8.5, 0.01 m, caused a 20 to 
30 per cent reduction in the rate of ribose loss and heptulose appearance. 
At 10~ M, p-chloromercuribenzoate inhibited the disappearance of ribose 
by 58 per cent under conditions approximately as described above. The 
inhibition of heptulose formation was even greater in similar experiments, 
with the result that the molar ratio (2 X heptulose)/(ribose) was less than 
0.5. Ethylenediamine tetraacetate was completely without effect on the 
reaction at pH 7.5 (Tham buffer), whereas at pH 8.5 (Veronal buffer) 
it caused an 85 per cent decrease in heptulose formation and a 40 to 50 
per cent decrease in ribulose formation. Borate buffer at pH 8.5 at a 
concentration of 0.05 M and NH, OH at pH 7.5, 0.2 u, completely inhibited 
the disappearance of Mejbaum-reactive material when R-5-P was present 
in a concentration of 6 X 10 u. No heptulose was formed. 

Utilization of Ribulose-5-phosphate—Thanks to the kindness of Dr. B. L. 
Horecker in supplying us with some ribulose-5-phosphate, it was possible 
to compare this substrate with an approximately equivalent concentration 
of R-5-P as a heptulose precursor. The initial rate of heptulose forma- 
tion was significantly more rapid with the ribulose phosphate (Table IV). 

Triose Phosphate Oridalion— Although TPN was not required for the 
operation of the R-5-P-destroying system, it was found that added TPN 
was reduced. Fig. 5 illustrates the reduction of 2,6-dichlorophenol indo- 
phenol when added to the TPN-containing system. The appreciable 
reduction of dye in the absence of added ribose phosphate is presumably 
due to some endogenous substrate, since this activity was lost during stor- 
age of the enzyme for a short time at room temperature. As indicated 
below, the observed reduction of TPN is probably not due to a pentose 
dehydrogenase but rather a dehydrogenase acting on triose phosphate 
formed from pentose phosphate.“ 

To permit further investigation of the dehydrogenase it was necessary 
to supply some means of reoxidizing reduced TPN. This was accom- 
plished by the addition of GSSG, since glutathione reductase was present. 
No CO, was formed by the action of the enzyme system on R-5-P in the 
presence of GSSG and TPN. 2.3 um of acid were formed from 5.5 uu 
of R-5-P, as demonstrated manometrically by the liberation of CO, from 
HCO; buffer. 

An earlier observation (30) that TPN was reduced by leaf enzyme in 
the presence of FDP suggested that triose phosphate might be the dehydro- 


genase substrate. That this is probably the case is shown by the fact 


‘Dr. Martin Gibbs has recently reported the existence of both DPN and TPN 
triose phosphate dehydrogenase in the green plant (Thirty-sixth annual meeting of 
the Federation of American Societies for Experimental Biology, April, 1952, New 
York). 
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Taste IV 
Production of Heptulose from Ribose-5-phosphate and Ribulose-6-phosphate 
2 Heptulose formed per ml. 
Ribose-5-phosphate® Ribulose-S-phosphatet 
mia. 
20 0.29 0.48 
40 0.56 0.67 
80 0.92 0.95 


* The reaction mixture contained in 1.0 ml., 3.5 ut of R-5-P, 0.2 ml. of Tham- 
HCl, 0.15 u, pH 7.5, and 0.1 ml. of 1:4 spinach enzyme, Stage II. Temperature, 37°. 
Same as above but with 4.1 us of ribulose-5-phosphate instead of R-5-P. 
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Fic. 5. Reduction of 2,6-dichlorophenol indophenol in the presence of TPN and 
R-5-P. Reaction conditions, I ml. of 200 y per ml. of TPN, 80 per cent pure, 0.5 
ml. of R-5-P, 0.027 u. 0.5 ml. of 2,6-dichlorophenol indophenol, 120 y per ml., 0.5 ml. 
of 0.15 u Tham-HCl, and 0.2 ml. of enzyme, Stage I. Total volume, 6.0 ml., pH 7.5; 
room temperature, 25°. Density determined in the Evelyn colorimeter with 440 
my filter. 


that, in the presence of TPN and a means for its reoxidation, no triose 
phosphate accumulated when the enzyme acted on R-5-P (Fig. 6). As 
can be seen, there is instead a liberation of 0.57 um of inorganic phosphate 
per micromole of pentose phosphate destroyed. 
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The system has not been sufficiently purified to permit detailed char- 
acterization of the enzyme catalyzing the oxidation of the triose phos- 
phate. The observation, however, of the disappearance of triose phos- 
phate, the formation of an acid group, the reduction of TPN, and the 
formation of pyruvic acid suggests the operation of a TPN-linked triose 
phosphate dehydrogenase, together with the glycolytic enzymes required 
to bring about the conversion of phosphoglyceric acid to pyruvic acid. 


f 7 7 aa 
PENTOSE 
6 00 GSH/2 — 
@—e@ INORGANIC PHOSPHATE 
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TIME (MINUTES) 

Fic. 6. Breakdown of R-5-P in the presence of TPN and GSSG. Reaction con- 
ditions, each tube contained 6.5 um of R-5-P, 9.7 um of GSSG, 17.9 um of Tham-HCl, 
pH 7.5, 4.8 um of MgSO, and 0.1 ml. of enzyme (Stage II). Total volume 1.1 ml. 
Incubated in evacuated Thunberg tubes flushed with N:. pH 7.5; temperature, 37°. 


Several observations suggest that enzymes other than the conventional 
glycolytic enzymes are concerned in the production of pyruvic acid from 
triose phosphate. It is notable that the addition of AsO," or PO, did 
not particularly alter the rate of formation of GSH or disappearance of 
pentose in a test mixture containing GSSG, TPN, and R-5-P (Table V). 
It will be noted that approximately 1 mole of GSH is formed per mole 
of R-5-P utilized, as would be expected if the molar ratio of R-5-P dis- 
appearance to triose phosphate formation were 2.0. 

To preclude the possibility that the rate-limiting steps were triose phos- 
phate formation from pentose phosphate, or TPN reoxidation, an experi- 
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ment was performed in which the R-5-P and all constituents other than 
TPN were preincubated 4 hour with the enzyme. Each cuvette contained 
R-5-P 12.6 u, Tham 72 um, GSH 7.2 um, AsO." 50 um, TPN 0.42 um, 
and spinach enzyme (Stage II) 0.1 ml. in a final volume of 3.2 ml. Under 
‘these conditions, TPN reduction as measured at 340 my was inhibited 13 
per cent by the AsO,". For this experiment the enzyme was dialyzed 
an additional 20 hours against two changes of 2 liters of 10 m cysteine, 
H 7.0. 

: ADP, 5-AMP, and 3-AMP inhibited TPN reduction 43, 40, and 40 
per cent, respectively, when present in concentrations of 1.4 X 10 M for 
ADP and 5 X 10 u for 5- and 3-AMP. The observed reduction of TPN 
could not be due simply to action of G-6-P dehydrogenase on G-6-P 


Taste V 

Effect of Phosphate, Arsenate, and Fluoride on Oxidative System 

R-S-P disappearing | GSH formed 

| er ube 
2.16 | 2.29 
Phosphate.............. . | 1.98 2.41 
| 2.24 | 2.29 
** 2.29 | 2.36 


Each tube contained in a total volume of 1.2 ml., 9.7 um of GSSG, 6.17 um of R-5-P, 
17.9 um of Tham-HCl, pH 7.5, 9.8 um of MgSO,, 0.13 u of TPN, 0.1 ml. of enzyme, 
Stage II, and 0.1 ml. of 0.05 Mu phosphate, 0.05 arsenate, or 0.10 u NaF. Reaction 
time, 2000 seconds. Temperature, 37°. 


formed by the system, since the product of the reaction was pyruvic acid. 
The other inhibitor tested, 0.02 m NaF, was without effect (Table V). 
The enzyme utilized DPN at approximately one-half the rate of an equiva- 
lent amount of TPN. Enzymatic assay with G-6-P dehydrogenase showed 
no TPN contamination of the DPN. 


DISCUSSION 
Whatever the importance of this scheme to higher plants, the enzymes 
ribose-5-phosphate 
TPN | TPN tl 
Glucose-6- phosphate > 6 phosphogluconate ribulose phosphate 
| ＋ 
t riose phosphate + sedoheptulose phosphate 
TPN 
pyruvate (glucose-6-phosphate = 


fructose-6- phosphate) 
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to actuate the scheme are present. It has been possible to find in a single 
tissue, the spinach leaf, the enzymes which catalyze the accompanying 
sequences. The G-6-P can reenter the scheme and the net result of the 
forward operation would be the ultimate conversion of G-6-P to pyruvic 
acid and CO.. 

With this enzyme system the conversion of hexose phosphate to pyru- 
vate can be independent of adenosine diphosphate, phosphate, and di- 
phosphopyridine nucleotide. The formation of pyruvate appears to in- 
volve enolase, since it is inhibited by a mixture of F, Mg“, and PO;; 
however, the subsequent formation of pyruvic acid and inorganic phos- 
phate does not require ADP.“ 

The probable identification of R-5-P as one of the reaction products 
resulting from phosphogluconate oxidation was established by radiochro- 
matograms, but the possibility that this was not the primary product was 
suggested by the findings of Cohen and Scott (31) that other 5-carbon 
sugars could be formed in such reactions, and by the isolation of ribulose- 
5-phosphate as a first product by Horecker, Smyrniotis, and Seegmiller 
(32) from the products of yeast phosphogluconate dehydrogenase. The 
fact that ribulose appeared to be in our reaction mixture and the observa- 
tion that ribulose-5-phosphate was somewhat better than R-5-P in form- 
ing heptulose are our basis for placing ribulose phosphate in the same 
place in our scheme that Horecker and coworkers have chosen in their 
scheme. 

It may be noted from some of the data above (Table II) that the ratio 
(2 X moles of heptulose formed)/(moles of ribose destroyed), based on 
the Fe-orcinol test, approaches more closely a value of 1 the longer the 
reaction runs. This apparent anomaly is probably not due to the more 
rapid transformation of R-5-P to ribulose phosphate than the subsequent 
transformation of the ribulose phosphate to heptulose phosphate, since 
the data of Horecker et al. (32) show the chromogenic value of ribulose-5- 
phosphate to be only about 12 per cent less than that for aldopentose in 
the Mejbaum test. This difference is not sufficient to account for the 
discrepancies and the suggestion is therefore offered either that there is 
another compound which occurs between ribulose phosphate and heptulose 
phosphate in the scheme or that such a compound is in equilibrium, via 
side reaction, with components in the main reaction sequence. However, 
no new spots were found on chromatographing sugars obtained from the 
products formed under conditions which gave rise to an anomalous ratio, 
with the possible exception of “ribose X“ (Table I). At present the only 

* An enzyme in spinach leaves which converts phospho-enol pyruvate to pyru- 


vate and inorganic phosphate has been subjected to a 20-fold purification by two 
of us (R. S. B. and C. M. G.) and found to act independently of the presence of ADP. 
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basis for postulating this as a new component is the observation that there 
appears to be a substance with the mobility of ribose, which, unlike ri- 
bose, gives the same color as ribulose with the orcinol spray. 

Although heptulose phosphate is shown as passing directly to G-6-P, 
it is obvious that stoichiometrical considerations could not permit the 
reaction as written. However, it appears that the partial disappearance 
of heptulose is largely accounted for by the appearance of G-6-P and 
F-6-P. 

The conversion of two Cs units to a C; and C; unit might be expected 
to involve a C: compound. Such a fragment was sought on the premise 
that it might be glycolaldehyde, but efforts to detect it in reaction mixtures 
directly, and in distillates therefrom, as the readily recognized dinitro- 
phenylosazone or hydrazone were unrewarding. The enzyme preparation 
could oxidize glycolaldehyde at the expense of TPN. 

The failure to show a metal requirement for the enzyme system, con- 
verting R-5-P to heptulose phosphate, may have been due to the limited 
purification of the preparation. However, the action of ethylenediamine 
tetraacetate in inhibiting the reaction at pH 8.5, but not at pH 7.5, in- 
dicates that an alkaline earth ion may be involved. The inhibitory action 
of p-chloromercuribenzoate implicates a sulfhydryl group in at least one 
of the enzymes in the system. 


1. It has been shown that an enzymatic system is present in spinach 
leaf extracts which oxidizes glucose-6-phosphate via triphosphopyridine 
nucleotide. The resulting 6-phosphogluconic acid is further oxidatively 
decarboxylated by another triphosphopyridine nucleotide-requiring enzyme 
to form a mixture of ribose and ribulose phosphates. 

2. The pentose phosphates are further metabolized to sedoheptulose 
phosphate and triose phosphate. 

3. Balance studies indicate the formation of 1 mole of heptulose phos- 
phate and 1 mole of triose phosphate for each 2 moles of ribose phosphate 
which are utilized. However, in the early stages of the reaction less 
heptulose appears than is expected on the basis of pentose disappearance, 
thus suggesting the transient formation of an additional component. 

4. The triose phosphate so formed is converted to pyruvic acid and in- 
organic phosphate in the presence of triphosphopyridine nucleotide. 

5. The heptose phosphate is further metabolized to hexose phosphate. 

6. The complete system results in the conversion of hexose phosphate 
to pyruvic acid and inorganic phosphate independent of the presence of 
adenyl phosphates and inorganic phosphate. 
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INCORPORATION OF C* TOTALLY LABELED NUCLEOSIDES 
INTO NUCLEIC ACIDS* 


By IRWIN A. ROSE anv B. S. SCHWEIGERT 


(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, and the Department of Biochemistry, 
University of Chicago, Chicago, Illinois) 
(Received for publication, October 6, 1952) 

Evidence suggesting the rédle of nucleosides as intermediates in nucleic 
acid synthesis comes from four sources: The requirement of certain lactic 
acid bacteria for desoxyribosides (1, 2), the more rapid response of uracil- 
requiring Neurospora mutants to the pyrimidine nucleosides (uridine and 
cytidine) than to the free bases (3), differences in the incorporation patterns 
of some purines and purine ribosides for Lactobacillus casei (4, 5) which 
suggest utilization of the latter without prior cleavage, and the utilization 
of pyrimidine nucleosides, but not the free pyrimidines, as precursors of 
nucleic acid pyrimidines in the rat (6). Whereas much attention has been 
given to the study of the origin of the nucleic acid bases, little information 
is available concerning the fate of the whole nucleoside or the mode of 
synthesis of this larger fragment in nucleic acids. The role of the widely 
distributed nucleosidases in nucleic acid synthesis remains obscure (7). 
The present report is concerned with an approach to some of these prob- 
lems by the use of nucleosides and nucleotides which have been labeled 
randomly with CWM and in which the activity of the derived nucleic acids is 
examined to determine whether the nucleoside is incorporated as an intact 
unit or, instead, suffers degradation at the nucleoside bond prior to in- 
corporation. 

Nucleosides labeled with radiocarbon were prepared from Euglena gra- 
cilis grown on CO, and were shown to contain activity in both base and 
sugar moieties. The results are reported for experiments in which cytidine 
was tested in Escherichia coli and the rat, and guanylic and cytidylic acids 
in Lactobacillus leichmannii. 

* Supported in part by a contract with the Division of Biology and Medicine, 
United States Atomic Energy Commission. Some of this material was taken from a 
thesis submitted by Irwin A. Rose for the degree of Doctor of Philosophy, Division 
of Biological Sciences, University of Chicago. A preliminary report of some of this 
work has been published (Federation Proc., 11, 276 (1952)). 

Journal Paper No. 61, American Meat Institute Foundation. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 


Health Service, 1951. Present address, Department of Medicine, School of Medi- 
cine, Western Reserve University, Cleveland, Ohio. 
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Methods 


Preparation of Randomly Labe ed Nucleotides—Albaum et al. (8), in a 
survey of the phosphorylated compounds of Eug’ena, indicated a nucleo- 
protein” phosphorus content of about 0.6 per cent of the dry weight of 
cells. Ribonucleic acid (RNA) and desoxyribonucleie acid (DNA) deter- 
minations made by the method of Ogur and Rosen (9) on E. gracilis var. 
bacillaris grown in crude medium (0.5 per cent peptone, 0.1 per cent 
injectable liver extract, and 0.2 per cent sodium acetate' at pH 7.0) indi- 
cated values of 3 to 4 per cent RNA and about 1 per cent DNA. Cells 
grown in this medium provided abundant material for use as carrier and 
inocula in 7 to 10 days of illumination at room temperature. 

The medium used for the preparation of totally labeled material was 
essentially that of Hutner ef al. (10) and Myers? and the detailed composi- 
tion is presented elsewhere (11). With this medium, composed of purified 
ingredients, CO: is utilized as the sole carbon source by Euglena? E. 
gracilis was grown in a 1 liter flask to which 150 ml. of sterile medium had 
been added. The medium was inoculated with the washed cells from a 50 
ml. culture of cells grown in the crude medium. CO,, containing 1 me. of 
radiocarbon, was released into the flask by the addition of 6 N HCIQ, to an 
attached test-tube that contained an amount of BaCO, which would give 
a final CO; pressure of 5 per cent of atmospheric pressure to the partially 
evacuated system. The medium was stirred magnetically and the entire 
assembly was kept at room temperature under daylight“ fluorescent light 
giving about 150 foot-candles to the medium. 

The optical density of the medium became constant after 72 hours, and 
at this time flushing the system with nitrogen failed to reveal the presence 
of any unutilized CO: The cells, with 300 mg. of added cells as carrier, 
were removed by centrifugation, extracted with acetone, refluxed for 1 hour 
with ethanol-ether, 3:1, and the colorless residue dried with ether. The 
non-lipide residue (60 per cent of the dry weight) was taken up in 10 ml. 
of 1 n NaOH and left at room temperature for 20 hours with cccasional 
stirring. The suspension was acidified in the cold with 1 ml. each of con- 
centrated HCl and 25 per cent trichloroacetic acid (TCA). The volumi- 
nous precipitate was centrifuged. The supernatant liquid was adjusted 
to pH 8.0 with NH,, barium acetate and 3 volumes of ethanol were added, 
and the mixture was kept cold overnight to afford complete precipitation 
of the nucleotides. The precipitate was dissolved in acid and the barium 
ions were removed as the sulfate. The ribonucleotide mixture was then 
fractionated on Dowex 2 chloride (12). 

The elution diagram for the nucleotides was similar to that obtained for 


1 Hutner, 8. H., Haskins Laboratories, personal communication. 
2 Myers, J., The University of Texas, personal communication. 
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yeast nucleic acid and showed the isomer peaks for the two purine ribotides. 
The nucleotides were recovered in about equal molar amounts with the 
exception of guanylic acid, which was about 50 per cent greater than the 
others. Total recovery of the ribotides, determined by spectral analysis, 
represented 3 per cent of the dry weight of the cells added. Each nucleo- 
tide had a specific activity of about 6 X 10‘ c.p.m. per uu of carbon. 

The acid-insoluble residue contained the bulk of the cell carbohydrate, 
protein, and DNA. This fraction is being investigated as a source of 
labeled desoxynucleotides. Approximately 0.8 per cent of the whole cells 
was shown to be DNA by Lactobacillus (Thermobaclerium) acidophilus as- 
say (2). 

The ribonucleotides were refractionated by ion exchange to constant 
specific activity and used as such, or treated with intestinal phosphatase 
(Armour and Company) and further purified by paper chromatography in 
the butanol (13) and borate-butanol (14) solvent systems, which permit 
the ribosides to be effectively resolved from desoxyriboside and free base 
contaminants. The test compounds were administered to the organism 
under study by addition to the growth medium of the bacterial cultures 
or by subcutaneous injection into young rats. 

Isolation of Nucleic Acid Constituents of Bacteria and Rat—The bacterial 
cells were centrifuged from the medium and washed twice with water 
by resuspension and centrifugation. Cells of L. leichmannii were further 
washed with cold 5 per cent TCA. The cells were taken up in IN NaOH 
and treated as described above for the final isolation of ribonucleotides by 
ion exchange chromatography. The acid precipitate which contained the 
DNA was washed with cold 95 per cent ethanol and then with pure ether 
to remove acid. The dry material was suspended in 1 ml. of water and 
adjusted to pH 7.0. DNAase, prepared from beef pancreas by the method 
of McCarty (15), and a trace of MgCl, were added and the suspension 
incubated at 37° for 5 hours. The insoluble residue was removed and 
washed with 1 ml. of water. The combined supernatant liquids were 
treated with intestinal phosphatase which had been washed several times 
with water in order to remove an ultraviolet-absorbing impurity. The 
solution was then chromatographed in the butanol-borate system. Three 
bands were located with the Mineralight SL2537 lamp. These were eluted 
with water by descending migration and consisted of a slow moving band 
containing guanine desoxyriboside and hypoxanthine desoxyriboside, and 
two well resolved bands for cytidine desoxyriboside and thymine desoxy- 
riboside (thymidine). 

The liver, spleen, intestine, and kidneys of the rat were pooled and 
homogenized in 100 ml. of 70 per cent ethanol. The residue was refluxed 
with ethanol-ether, then washed with 100 ml. of cold 10 per cent TCA and 
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finally washed with ethanol. The combined nucleic acids were extracted 
with hot 10 per cent NaCl and precipitated with ethanol (16). The ribo- 
nucleotides were obtained as above. The acid-insoluble precipitate was 
again treated with alkali overnight. The RNA content of the DNA prep- 
aration was less than 5 per cent, as determined by the orcinol reaction (17). 
The nuclease-treated preparation was further treated with phosphodiester. 
ase (18) and the desoxynucleotides separated by ion exchange (19). These 
were then converted to nucleosides and purified further by chromatography 
in the butanol-borate system (14). 

Separation of Base and Sugar Moielies of Nucleosides—The ability of a 
crude extract of E. coli to interchange the base of various desoxyribosides 
with added base in the presence of phosphate has been shown by Manson 
and Lampen (20). It has been shown (21) that such a preparation will 
cleave uracil riboside also. In addition, this preparation will carry out an 
exchange of ribose between a riboside and a free base in the presence of 
phosphate. By the use of this technique of base interchange, it is possible 
to isolate the sugar moieties of both ribosides and desoxyribosides in a 
derived nucleoside, and the original base as the free base. 

A crude extract of E. coli strain B was prepared by grinding the washed 
cells in twice their weight of alumina in the cold and extracting with 5 
volumes of cold 0.01 m phosphate buffer at pH 7.0. Solid material was 
removed by centrifugation and the clear opalescent solution that remained 
was kept in the frozen state and used without further treatment as the 
enzyme source. When the naturally occurring pyrimidine nucleosides were 
incubated with 2 equivalents of hypoxanthine and 0.1 volume of this prep- 
aration in 0.05 m phosphate buffer, more than 80 per cent of the sugar was 
recovered as inosine or hypoxanthine desoxyriboside after 5 hours at room 
temperature. The final reaction mixture that contained excess hypoxan- 
thine, the hypoxanthine nucleoside, unchanged nucleoside, and uracil or 
thymine was chromatographed in butanol. In the case of the ribosides, 
further resolution of inosine was obtained by rerunning the paper in the 
butanol-borate system. In the case of the desoxyribosides, hypoxanthine 
and hypoxanthine desoxyriboside migrated together and were resolved by 
chromatographing the eluted band in 25 per cent propanol (volume by 
volume). The NR, values observed for the two compounds were 0.75 and 
0.85, respectively. The band containing the mixture of pyrimidine and 
unchanged pyrimidine desoxyriboside was eluted, the latter hydrolyzed with 
HCIO, (22), and the free base isolated in the butanol system. 

All chromatograms were run on large sheets of Whatman paper No. 1 
with as many as eight sheets being used to accommodate the material to 
be resolved. In certain instances the eluted material was adjusted to 
pH 12, placed on a short bed of Dowex 2 chloride, and eluted with acid, 
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thus freeing the compounds from salts and contaminants eluted from the 
paper. Compounds so obtained gave spectra in good agreement with those 
reported in the literature (13, 23). 

When cytidine, derived from Euglena grown on CO; as its sole carbon 
source and diluted with carrier cytidine, was analyzed by these methods, 
the activities in the two moieties agreed to within 15 per cent (Table I). 
It may be that the large inoculum used in the preparation of the labeled 
Euglena contributed a reserve carbohydrate source for the synthesis of 
ribose, thus explaining its somewhat lower final activity. 


Tasie I 
Incorporation of Cytosine and Cytidine into Nucleic Acids of E. coli B 
| C.p.m. per au carbon of nucleic acid components“ 


Experi Test compound and 
mat cp per carboa Cr Ur 22 


— 


| 


Adr 
Tar car 
dr 


clelule tielcle 
1  Cytosine (7200) 790 8800 
2 Cxtidine, base 900 soo; 
labeled (7200) | | 
3 Cytidine,ran- 330 40 | 250| 28 21 23 340 26 20 38 6 
domly labeled{ | 


* Cytosine (C), cytidine (Cr), ribose of the riboside (r), uracil (U), thymine (T), 
adenine (A), guanine (G), desoxyribose of the desoxyriboside (dr). 

Values calculated from the activity of the nucleoside. 

¢ Counts per minute per micromole of carbon of the base 4300, and of the sugar 
3900. 


Method of Counting—Dissolved samples to be counted were plated di- 
rectly on glass cover-slips or in stainless steel cups. Amounts of a given 
sample were plated over a 3-fold range with the largest amount not exceed- 
ing 1 mg. per sq. cm. Counting was done with a windowless gas flow 
counter flushed with helium gas saturated with alcohol at 0°. Samples 
were counted for a sufficient time in order to give better than 90 per cent 
accuracy (24). The true specific activity was taken to be the counts of 
the thinnest plate that differed by less than 10 per cent in specific activity 
from that of a plate that contained twice the amount of material. All the 
specific activities are expressed in counts per minute per micromole of 
carbon of the moiety counted. 


RESULTS AND DISCUSSION 
E. coli—The utilization of adenine and guanine (25) and orotic acid (26) 
by E. coli has been reported. Studies on the nucleosidases of this organ- 
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ism have indicated the ability to cleave by phosphorolysis the nucleosides 
of cytosine via a preliminary deamination to uridine or uracil desoxyribo- 
side (20, 21). In a rapidly growing organism the reversal of these re- 
actions may be anticipated as a mode of utilization of the free bases. 

The experiments reported in Table I were carried out with E. coli strain 
B grown aerobically for 48 hours in a glucose-ammonium medium to which 
the test compound, cytosine or cytosine riboside (cytidine), was added at 
a level of 0.1 um per ml. of medium. Experiments I and 2 were performed 
with cytosine and cytidine isolated from E. coli grown in the presence of 
CO, and kindly provided by Dr. A. L. Koch of this department. The 
cytidine so obtained was found to be labeled only in the aglycone. The 
cytidine used in Experiment 3 was randomly labeled and was obtained 
from E. gracilis grown in the presence of C,. 

In Experiments 1 and 2, the specific activities of the purine ribosides, 
isolated from E. coli grown in the presence of labeled cytosine or cytidine, 
were from 0.0 to 0.8 c.p.m. per um of carbon, indicating no transfer of 
activity from the labeled pyrimidine base to purines or to ribose. It will 
be noted that cytosine and cytidine are equally good precursors of RNA 
pyrimidines, and the uracil and cytosine were labeled to the same extent. 
An examination of the cell-free preparation from E. co't B used as a source 
of nucleosides showed that a very active cytosine deaminase was present. 
From the results of the experiment with randomly labeled cytidine (Expe- 
riment 3), it is clear that the nucleoside was cleaved to the free base level 
prior to incorporation. The level of activity found in the sugar of the 
pyrimidine ribosides was of the same order as that of the purine ribosides 
and the desoxyribosides. Thus labeling of the sugar of all the nucleosides 
probably occurred in a random fashion. 

It would appear from these results that the mechanism for the direct 
utilization of cytidine, if it does exist in rapidly growing E. coli, is quanti- 
tatively of little significance as a mode of pyrimidine incorporation into 
nucleic acids. This conclusion is contingent on the assumption that cyti- 
dine per se is permeable to the cell and is available to the internal milieu. 
This assumption, if correct, may be inferred from results reported for 
resting cells of E. coli which metabolize the pentose of various nucleosides 
much more rapidly than the free sugar (20). 

L. leichmannii 313—The organisms were grown in a casein hydrolysate 
medium (27) containing vitamin BI: (50 mygm. per ml.) and adenine, gua- 
nine, and uracil (0.1 ym per ml. each), to which 0.14 um per ml. of the to 
tally labeled nucleotide (cytidylic acid or guanylic acid) was added. The 
data given in Table II show the results for the incorporation into RNA 
only, since the yields of DNA from L. leichmannii were too low to permit 
analysis. It will be noted that guanylic acid was incorporated into guan- 
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osine of RNA without prior cleavage of the glycosidic linkage. It pro- 
vided compounds to the cell pool that were readily utilized in the synthesis 
of the pentose of the other ribosides. The ribose part of cytidylic acid 
was utilized for the synthesis of the pentose of all the ribosides of RNA 
examined, and to about the same extent as was that of guanylic acid. 

A cell-free extract of this organism was prepared in a manner similar to 
that described for E. coli. This preparation was tested for nucleosidase 
activity toward adenosine, guanosine, inosine, cytidine, and uridine. Re- 
sults of spectral analyses and paper chromatography indicated that cleav- 
age of all ribosides to the respective bases occurred when the ribosides 
were incubated with 0.2 volume of the cell-free extract at neutral pH. 
No evidence for cytosine or cytidine deaminase was indicated. The prep- 


Tini Il 
Incorporation of Randomly Labeled G ni e and Cytidylic Acids into RNA of L. 
leichmannii 313 


— 


Cpm. per au carbon of riboside components“ 


Test compound and c pm. per 
| ae 
Guanylie acid (40) 840 780 900f 310 1 200 


Cytidylie acid (3600) 20 20 


— — — — 


* For the abbreviations, see Table I. 

t Caleulated by difference. 

: Caleulated on the assumption that all the activity of the nucleoside is in the 
sugar moiety. 


aration showed no nucleosidase activity toward cytosine desoxyriboside or 
thymine desoxyriboside. The general pattern of nucleosidase specificity 
found for this organism is identical with that reported for L. pentosus by 
Wang and Lampen (28). These authors have concluded that these reac- 
tions are hydrolytic in nature (29). 

The rather large amount of random utilization of the ribose of the 
nucleotides is strong evidence that the integrity of the glycosidic linkage 
of ribose is maintained in L. leichmannii for transfer reactions with other 
bases. A similar situation probably occurs in this and other organisms 
(1, 2) in the utilization of any of several desoxyribosides which are able to 
supply the requirement for desoxyribosyl groups. Attempts at showing 
ribosyl transfer with dialyzed preparations of L. leichmannii were unsuc- 
cessful in the presence of the highly active nucleosidase present in the 
extracts. Further, an exchange of labeled uracil with unlabeled uridine 
could not be demonstrated in the presence of phosphate. 
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Nutritional studies with this organism (30) have indicated a growth 
response with a number of the free purines and pyrimidines. The present 
data give no information as to whether the bases are incorporated primarily 
via the nucleoside or by some other mechanism. Balis et al. (4, 5) have 
obtained evidence for the utilization of purines by L. casei in which the 
nucleoside does not seem to be an obligatory intermediate, and also for the 
direct utilization of the nucleoside. 

Rat—lIn the rat, studies with labeled cytosine (31) and uracil (32) have 
indicated that these pyrimidines do not participate in the synthesis of nu- 
cleic acids. On the other hand, experiments with cytidine, uridine (6), 


Taste III 
Incorporation of Cytidine* into Nucleic Acids of Rat 
ss | Specific activity of 
Aglycone Sugar 

Cytidine given (diluted with carrier)........ | 144 126 
45 40 
ccc 13.6 12 
ͥĩ]ͤêk(Æ[—W | 2.21 
%%% 30 22 
ͤͤ ˙ 10.2 8.7 
ĩͤĩ˙ . ˙¼eů 0.15% 
0.04: 


* 13.5 uu of cytidine, specific activity 3000. 
t For the abbreviations, see Table I. 
t Calculated on the assumption that all the activity of the nucleoside is in the 


sugar moiety. 


and cytosine desoxyriboside (33) labeled with Nis have indicated appreci- 
able incorporation of the aglycone moieties. Of these compounds cytidine 
is of particular interest since it was reported to give rise to both pyrimidines 
of DNA and also was a more active precursor of uracil] in RNA than was 
uridine itself. 

A Holtzman strain albino rat weighing 130 gm. was injected subcutane- 
ously with 13.5 um of totally labeled cytidine in three doses over a 32 hour 
period and sacrificed 12 hours after the last injection. The analyses of 
the isolated RNA and DNA nucleosides are given in Table III. These 
data show that the ribose of cytidine was converted to desoxyribose in the 
pyrimidine nucleosides of DNA but was a less effective precursor of the 
desoxyribose of the purine desoxyriboside of DNA. Further, the counts 
on the pyrimidine base and sugar of the RNA and DNA nucleosides were 
approximately the same, indicating that the base and sugar moieties were 
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incorporated as a unit. The random“ incorporation of activity into ribo- 
sides and desoxyribosides may be assumed to be that found in the purine 
nucleosides. The low counts in these compounds must indicate a direct 
precursor réle of intact cytidine rather than random incorporation in the 
synthesis of all the pyrimidine nucleosides of the rat nucleic acids. The 
results obtained in other experiments with randomly labeled cytidine and 
cytidylic acid were in accord with these findings. From these data it is 
probable that all conversions of cytidine reported by Hammarsten, Reich- 
ard, and Saluste (6) occurred without prior cleavage of the nucleosidic 
bond. 

The conversion of the ribose of cytidine to the desoxyribose of the 
pyrimidine desoxyribosides of DNA (Table III) is of primary interest. 
The concept of the synthesis of DNA by way of ribonucleotides is not a 
new one. It has been used to explain the reciprocal changes in the amounts 
of RNA and DNA observed in the early stages of development of the 
sea-urchin egg (34), and also the accumulation of ribonucleotides in the 
cytoplasm of irradiated tissues in which DNA synthesis was depressed (35). 
From the present data it is not possible to say whether the interconversion 
of ribose to the desoxyribose moiety occurred at the nucleoside level or at 
some more complicated state of the molecule. As was pointed out by 
Hammarsten et al. (6), the ratio of RNA to DNA activity obtained with 
cytidine is quite comparable to that given with inorganic phosphate as the 
tracer (about 2:1). However, similar studies with labeled purines (36) 
and purine nucleosides (37) have indicated much higher ratios. From this 
it would seem unlikely that the interconversion had occurred at the poly- 
nucleotide level, although this possibility is by no means ruled out. 


SUMMARY 


1. The use of the phytoflagellate Euglena gracilis grown in the presence 
of C“O as a source of totally labeled nucleic acids was investigated. This 
organism proved favorable for this purpose because of its high content of 
ribonucleic acid, ease of culturing, quantitative utilization of CO, and 
fragility of the cell wall. 

2. In E. coli B cytosine and cytidine were essentially equivalent as 
sources of RNA pyrimidines. The ribose of totally labeled cytidine was 
less effectively incorporated than the base. It was concluded that cytidine 
and probably uridine are not primary or necessary intermediates in nucleic 
acid synthesis in this organism. 

3. Lactobacillus leichmannii 313 was able to utilize guanylic acid for the 
synthesis of RNA guanosine without prior hydrolysis of the nucleoside 
bond. The relatively high activity of the ribose of the other ribosides 
when either guanylic or cytidylic acid was tested indicates a mechanism 
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for the conservation of the integrity of the ribosidie linkage. Cytidylie 31. 
acid was a poor precursor of uracil in this organism and neither cytosine 2. 
nor cytidine deaminase activity could be demonstrated in a crude extract. 2. 
This preparation showed nucleosidase activity for all ribosides tested but — 
lacked activity in splitting desoxyribosides. 38. 
4. Totally labeled cytidine was incorporated into the pyrimidine nucleo- 


sides of both RNA and DNA of the rat without prior cleavage of the 
nucleosidic linkage. The specific activity of both the ribose and desoxy- 
ribose moieties agreed well with that of the pyrimidine base of the respec- 
tive nucleoside. This finding indicates that a mechanism for the conver. 
sion of ribose to desoxyribose in glycosidic linkage exists in the rat in the 
synthesis of DNA. 
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EFFECTS OF PURINE ANTAGONISTS ON A 
DIAMINOSURINE-RESISTANT STRAIN OF 
LACTOBACILLUS CASEI* 
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(From the Wellcome Research Laboratories, Tuckahoe, New York) 
AND M. EARL BALIS AND GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
New York, New York) 


(Received for publication, December 29, 1952) 


The seemingly anomalous position of 2,6-diaminopurine as both an 
inhibitor of the growth of Lactobacillus casei (2) and a good precursor of 
the pentose nucleic acid (PNA) purines of this microorganism (3) has led 
to a further investigation on the mechanism of action of this compound 
(4-6). Growth and incorporation studies on a diaminopurine-resistant 
strain of L. casei revealed that it differs from the wild strain in its de- 
creased ability to utilize adenine and diaminopurine as sources of PNA 
purines (6). The present report deals with the effects of a variety of 
purine antagonists on this diaminopurine-resistant mutant. The conclu- 
sions drawn from these studies regarding the nature of the major alteration 
in purine metabolism which is involved in this mutation are in agreement 
with those from growth and incorporation studies (3-6). The results 
suggest also that a number of minor, but not obviously related, changes 
in purine metabolism occur. 

EXPERIMENTAL 

The microbiological experiments were carried out as described pre- 
viously (7). By addition of supplements to the basal medium (O) the 
following mediums were obtained: OT, O + 1 of thymine per ml.; OFA, 
O + 0.05 mugm. of folic acid per ml. The medium containing all the 
supplements was sterilized by autoclaving 20 minutes at 15 pounds pres- 
sure before inoculation. After inoculation, the cultures were incubated 
at 37° for 68 hours. Growth was measured by titration of 10 ml. cultures 
with 0.1 N sodium hydroxide. 

The inoculum cultures of the wild strain of L. casei were grown as recom- 
mended by Snell and Strong (8) and used as described previously (7). 

* This investigation was supported in part by grants from the United States 
Public Health Service and from the Atomic Energy Commission, contract No. 
AT(30-1)-910. A preliminary report has appeared (1). 
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648 DIAMINOPURINE-RESISTANT L. CASEI 

The diaminopurine-resistant strain of L. casei was the one previously 
reported (6) and referred to as the mutant in this paper. The inoculum 
cultures of this mutant were grown in the same way as the wild strain 
except that 100 y per ml. of 2,6-diaminopurine were added to the culture 
medium. 

All the compounds described in this paper were prepared in these labo- 
ratories with the exception of purine (kindly supplied by Dr. Adrien Al- 
bert), adenine sulfate (Schwarz Laboratories), and guanine hydrochloride 
(Eastman Kodak); the guanosine and guanylic acid were obtained from 
the Schwarz Laboratories and the latter was purified by passage over a 
Dowex 1 column (2). 


Results 

Extensive studies on the inhibitory action of a variety of pyrimidines, 
purines, pteridines, and other condensed pyrimidine systems on the growth 
of L. casei (2, 7, 9-14) have led to the recognition of a number of different 
types of inhibition for this microorganism. For comparison of the effects 
on the wild and mutant strains, representative compounds from each 
group were chosen. Several substances showing a competitive antagonism 
for folic acid were examined for their effect on the mutant: 2,4-diamino- 
5 ,6-dimethylpyrimidine (7, 9), 2,4-diamino-5-p-chlorophenoxypyrimidine 
(7, 9, 14), 2,4-diamino-6 ,7-dimethylpteridine (9, 12), and 5-nitrouracil (7, 
9, 10); they were found to have essentially the same inhibitory action 
on this strain as on the wild strain. The same was true of the “anti- 
thymines” 5-bromouracil (7, 9, 10) and 5-aminouracil (7, 9, 10). With 
the purine antagonists, however, some interesting differences were ob- 
served. 

In Table I are shown the effects of twelve purines and 8-azapurines on 
both strains of L. casei in a purine-free, folic acid-containing medium 
(OFA) and in the same medium supplemented with adenine, guanine, 
xanthine, and hypoxanthine. It will be noted that certain of the antago 
nists show a marked specificity in their antipurine activity. Thus the 
inhibition produced by 2,6-diaminopurine, purine, or 8-azaadenine in the 
wild strain is more readily reversed by adenine than by the other three 
purines. These antiadenines“ at concentrations which are completely 
inhibitory for the wild strain have little or no effect on the growth of the 
mutant. 

Four of the purines, 2-aminopurine, 2,6, S-triaminopurine, 2-amino+ 
mercaptopurine, and 6-mercaptopurine, show little specificity in ther 
purine antagonism in the wild strain. In the mutant, however, adenine’ 
distinctly poorer than the other natural purines in restoring growth to the 
inhibited systems. This is particularly evident with 6-mercaptopurine, 
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the effect of which is completely reversed by adenine in the wild strain 
and not at all by adenine in the mutant. The degree of inhibition of the 


I 
Reversal Studies with Two Strains of Lactobacillus casei* 
Wild strain Mutant strain 
Antimetabolite 
chine ane NOM ‘ate Hine tne 
— 
2,6-Diaminopurine 1 — | | 0 
50 | 
100-97} 0 -89 -92 80 31 —47 
2Aminopurine 100 — 0 —65 —32 -16 0 —10 
2,6,8-Triamino- 80 80 -24 10 —20 2138 | 
purine | -35 -50 —50 
2-Amino-6-mer- 100 111 © 0-62 -52 38 -37 22 
eaptopurine | | 1 | | | 
6-Mercaptopurine 100 — 0 -10' — 0-83 -57 -11 
Purine 10 -12 -56  -60 — 0 | 
90 —92 -75 -75 0 
Azaadenine 1 — 00) 0 0 | 
3 — 0 4 —16 | 
50 —90 -42 | -82 | -75 - | 
Azaguanine 1-92 -75 0 -58 -9-90 -85 -26 -68 
5 -87 -I7 -85 90 -90| —90 —94 
8-Azaxanthine 1-9 0 —60—85 —43 09 0 —87 
5 -92 0 0 -s -85 -23 -60 —90 
-88 00 -00-97 -95 -68 -97 -97 
&-Azahypoxan- 5-70 w O- 0 —0 
thine 30 90 —11 -18 0 —50-88 -43 -50 -40 —40 
8-Azadiamino- 5-7 0 O -13 o oO 0 
purine 30 -93 —23 23 -65-90 -60 -35 -30 —55 
§-Azaisoguanine 5 —43 0 —35 -—24 0 0 0 


The medium contained 0.05 mam. per ml. of folie acid and 10 y per ml. of the 
purine indicated in the column heading. The results are reported as the per cent 
change in titer based on the control titer in the unsupplemented OFA medium. 


mutant by these antipurines in the unsupplemented OFA medium is some- 
times less than that of the wild strain (e. g., 2-aminopurine and 2,6,8- 
triaminopurine) and sometimes greater (¢.g., 2-amino-6-mercaptopurine 
and 6-mereaptopurine). 

With the exception of S-azaadenine, the 8-azapurines exhibit approxi- 
mately the same inhibitory effect on the two strains in the OFA medium. 
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However, the ability of adenine to restore growth in such inhibited sys. 
tems is markedly less in the mutant, particularly with 8-azaxanthine and 
8-azadiaminopurine. It will be noted that adenine is not effective in 
reversing the effects of 8-azaguanine in either the wild strain or the mu- 
tant, but that guanine is superior to the other purines in producing such 
a reversal. 


Taste II 
Reversal Studies with 6-Mercaptopurine in Folic Acid-Containing Medium* 


Mutant strain Wild strain 


MI. 


Supplement — — 
| — per 

„ »» „ 2 

Adenine sulfate 0 5.4 4.3 2.8 1.3 05 7.2 3.4 3.0 20 
2 6.6 4.3 2.9 14 09 7.9 64 5.6 36 
4 5.6 4 3.3 16 0.7 8.0 9.1 7.3 53 
98.9 5.2/3.3 16 13 9.0105 8.7 7.1 

16 7.2 6.6 3.6 2.5 1.3 | 
Guanine hydrochloride 2 6.1 5.9/4.9 1.7 06 8.1 5.1 3.3 27 
4 62 6.4 6.1 3.0 O08 80 62 49 32 
8 82 82 78/54 14 8.5 7.3 5.6 50 

144477 147 
Hypoxanthine 2 6.5 3.7 6.7 18 0.7 8.1 5.7 29 25 
1 6.9 7.7/7.7 4.1 09 82 6.9 40 3.1 
9.38.7 8.9 5.7 1.1 94 8.0 54 44 

16 6.46.7 6.6 7.6 3.35 | | 
Xanthine 2 6.1 3.8 3.8 4.3 3.8 7.5.6.5 5.5/5.4 
4 7.4 7.3 7.3 62 48 83 7.8 6.3 60 
8.5 84 8.6 7.8 65 9.2 8.5/7.2 70 

16 9.4 9.4 9.2 8.1 7.6 


— — — — 


— The medium contained 0. 05 1 mygm. per ml. of folie 1 


In an attempt to elucidate further metabolic differences between the two 
strains and to investigate simultaneously the mechanism of action d 
6-mercaptopurine, this compound was chosen for more detailed investi 
gation. Since 6-mercaptopurine is less inhibitory for the wild strain than 
for the mutant, higher concentrations of the compound were used with 
the former. In a folic acid-containing medium (Table II) 6-merecapte 
purine is essentially competitive in the wild strain with the four purine 
over the range of concentration studied. Higher levels of inhibitor could 
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not be used because of insolubility. With the mutant strain, xanthine 
and 6-mercaptopurine are competitive, but the other purines show a 
noticeable decrease in their ability to reverse the action of 6-mercapto- 
purine when a concentration of 160 J per ml. of inhibitor is reached. In- 


Taste III 
Reversal Studies with 6-Mercaptopurine in Thymine-Containing Medium“ 
Mutant strain Wild strain 
MI. 0.1 » acid produced per 10 ml. 
Supplement —— * 
| 6-Mercaptopurine, y per ml. 
— — — — — — — — 
' 
| | | 
Adenine sulfate 0 (0.9/0.9 0.7/0.5 0.0 0.8 o.s 0.8 
2 1.7 1.2 0.8 0. 3.13.8 2.22.0 1.9 
| 41.9 14 06/06 4.43.9 3.8 2.9 2.0 
8 2.53 o.s 0.6 3.7 6.4 3.3 3.9 3.7 
10 3.4 1.9 O08 0.6 6.4 6.4 6.6 3.7 8.3 
Guanine hydrochlo- 2 3.0 2.7 1.1 0.7 2.7 | 2.5 17 1.1/0.8 
ride 14 4.2 3.8 1.7 o. 3.8 4.0 2.6 141.7 
3.6 6.1 27 0.8 17 4.3 2.4 2.8 
16 6.3 6.2 41 11 5.3 6.0 3.9 4.0 2.9 
Hypoxanthine 2 4.0 3.114 0.7 3.13.1114 1.11.1 
4 4½ 2˙7 0.8 4.4 3.3 2.3 1.3 1.3 
8 65 63 4.3 12 6.1 6.4 4.0 2.6 1.5 
16 7.1 68 3.8 3.2 6.4 7.0 6.5 3.8 2.6 
Xanthine 2 3.9 3.8 2.5 1.7 0.7 — . 1.3 1.0 1.0 
4 5.2 5.0 3.6/2.7 Os 3.2 2.1 1.8 1.3 1.3 
8 6.7 3.9 4.6 3.3 0.9 44 3.7 2.3 1.9 1.7 
16 7.0 7.1 8.2 3.3 114,6 4.3 3.0 2.6 2.6 


* The medium contained I per ml. of thymine. 


deed, adenine is essentially ineffective in restoring growth at this high 
level of 6-mercaptopurine. 

When the wild strain of L. casei is grown in a folic acid-free medium 
containing thymine and one of the four physiological purines (Table III), 
the competitive nature of 6-mercaptopurine with guanine, hypoxanthine, 
and xanthine is again apparent; nevertheless, the reversal by adenine is 
somewhat better than with the other purines. With the mutant strain, 
growth with thymine and adenine is poor (Table III) and is readily abol- 
ished by 6-mercaptopurine. Of the other purines, only xanthine shows a 
competitive reversal of the 6-mercaptopurine, but only over a 4-fold range 
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of concentration of inhibitor. At the high level of inhibitor, 160 y per 
ml., reversal by xanthine fails. 

The inhibitory action of 8-azaguanine on both strains of L. casei is rever- 
sible by guanine (Table I). While neither guanosine nor guanylic acid is 
as effective as guanine in restoring growth (Table IV), there appear to be 
some differences in the relative effectiveness of the nucleoside and the 
nucleotide in the two strains. Thus, guanosine, like guanine, is more 
effective in the wild strain than in the mutant, whereas guanylic acid is 
more effective in the mutant. 


Tasie IV 

Reversal Studies with 8-Azaguanine in Folic Acid-Containing Medium“ 
Wild strain Mutant strain 
Supplement 
Per cent change in titer 
per mil. 

— 92 — 90 
7 0 —26 
Guanosine.. 48 —4+4 —83 
Guanylic acid. . 16 — 90 | —85 
64 —75 — 15 


— — — — — — 


© The medium contained 0.05 mugm. of folic acid and 1 of 8-azaguanine per ml. 


The inability of the diaminopurine-resistant strain of L. ensei to metabo- 
lize free adenine is reflected not only in its poor growth with thymine and 
adenine (6) and in its poor utilization of adenine as a source of PNA pu- 
rines (6) but also in its response to purine antagonists. Whereas adenine 
is effective in the restoration of growth of the wild strain in the presence 
of any of the purine antagonists shown in Table I, except 8-azaguanine, 
adenine is very poor in this respect with the mutant. In addition, cross- 
resistance is shown to two other inhibitors, 8-azaadenine and _ purine, 
which are reversed specifically by adenine. 

It has been shown (6) that the mutant has lost, to a large extent, its 
ability to incorporate the purine moiety of diaminopurine as well as of 
adenine into the PNA purines. This gave rise to the hypothesis that the 
mechanism by which adenine and diaminopurine are metabolized is the 
same and that, since this mechanism is absent in the mutant, diamino- 
purine is no longer incorporated into the system where it exerts its in- 
hibitory effect. A logical extension of this hypothesis is that 8-azaadenine 
and purine are incorporated into this same essential system by the mech- 


EF EES 


8 — 25 


DISCUSSION 


5 


SESS Fee 


ELION, SINGER, HITCHINGS, BALIS, AND BROWN 653 


anism which incorporates adenine and that the elimination of this pathway 
in the mutant results in the inability of these compounds to inhibit growth. 

While the behavior of the mutant toward certain purine antagonists is 
consistent with what is known about its adenine metabolism, other dif- 
ferences between the two strains, e.g. the greater inhibitory effects of 
6-mercaptopurine and 2-amino-6-mercaptopurine, the small inhibitory 
effects of 2-aminopurine and 2,6,8-triaminopurine, and the greater effec- 
tiveness of guanylic acid in reversal of the effects of 8-azaguanine in the 
mutant, are not related in an obvious manner to the changes in the aden- 
ine metabolism of this strain. They are, perhaps, reflections of the fact 
that any major alteration in one reaction is inevitably accompanied by 
adjustments in the equilibrium of the metabolites in their various meta- 
bolic pathways. Although these disturbances are for the most part un- 
predictable, and, perhaps, not readily interpretable, their detection by 
means of antimetabolite studies serves to point out their existence. 


A strain of Lactobacillus casei which is resistant to the inhibitory effects 
of 2,6-diaminopurine is not inhibited by two other compounds, purine 
and 8-azaadenine, which are also regarded as primarily antiadenines.“ 
Moreover, in contrast to the results with the wild strain, the effects of a 
number of other antagonists are not blocked by adenine in the mutant. 
Growth and incorporation studies had previously shown the resistant 
organism to have a diminished ability to incorporate adenine and diamino- 
purine. The present studies provide additional observations which are 
consistent with the view that this diminution in the incorporation of both 
adenine and its antagonists is the major alteration in metabolism which 
confers resistance. The inhibition studies also reveal a number of minor 
differences in the responses of the wild and mutant strains to inhibitors. 
These may reflect adjustments, consequential to the major change, in 
the equilibria of other metabolic pathways which involve purine deri- 
vatives. 
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TRIPHOSPHOPYRIDINE NUCLEOTIDE-NITRATE REDUCTASE 
IN NEUROSPORA* 


By ALVIN NASON Ax HAROLD J. EVANSt 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, September 30, 1952) 


Although it had been well established that many species of microor- 
ganisms and higher plants are able to reduce nitrate to nitrite, it remained 
for Green, Stickland, and Tarr (1), working with Escherichia coli, to show 
that nitrate reduction could be demonstrated in cell-free extracts. Yama- 
gata (2) also obtained a cell-free preparation of the enzyme, designated as 
nitrate reductase, from E. coli, and reported that it failed to oxidize re- 
duced coenzyme I and was strongly inhibited by cyanide. Subsequently, 
a number of investigators have prepared the enzyme from this source in a 
partially purified soluble state and have further described its properties. 
Some of these workers claim that the enzyme system is a sulfhydryl pro- 
tein identical with cytochrome b, inhibited by carbon monoxide, and hav- 
ing a flavin requirement (3-5), whereas others (6) have been unable to 
demonstrate an effect of —SH reagents and carbon monoxide and report 
that dyes and flavoprotein were active as carriers between hydrogenase 
and nitrate reductase. However, the nature of the immediate natural 
electron donor still remains obscure, and in the above enzymatic studies 
reduced dyes were used as the electron source. 

The present paper' deals with the purification and properties of a TPN- 
nitrate reductase in Neurospora, already reported from this laboratory (7), 
and its identification as a flavoprotein with FAD as the prosthetic group. 

Materials and Methods 


Cell-free extracts were prepared from the mats of the wild type fungus, 
Neurospora crassa (5297a), grown in the Fries basal medium.“ The me- 


Contribution No. 32 of the MeCollum-Pratt Institute. This investigation was 
supported in part by a research grant from the National Institutes of Health, United 
States Public Health Service. 

t E. F. Johnson Postdoctoral Fellow, on leave from the North Carolina State Col- 
lege of the University of North Carolina. 

The following abbreviations are used: TPN and TPNH, unreduced and reduced 
triphosphopyridine nucleotide, respectively; DPN and DPNH, unreduced and 
reduced diphosphopyridine nucleotide, respectively; DPNase, diphosphopyridine 
nucleotidase; FAD, flavin-adenine dinucleotide; FMN, flavin mononucleotide or 
riboflavin phosphate; Tris, tris(hydroxymethyl)aminomethane. 

In units per liter, NH, tartrate 5 gm., NI. NO, I gm., KI. PO. 1 gm., 
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dium was dispensed in 125 ml. amounts in 500 ml. Erlenmeyer flasks or in 
10 liter amounts in 20 liter bottles with forced aeration for the large scale 
runs, inoculated, and incubated for 4 to 5 days in the dark at 28 to 30°. 

The mycelial mats were collected on a Biichner funnel, washed with 
triply distilled water, and frozen for 1 to 3 hours at —15°. They were 
then homogenized in a TenBroeck glass homogenizer in 3 times their weight 
of cold 0.1 u K. III O, and centrifuged in the Servall centrifuge at 20,000 
q for 10 minutes at +4°. The supernatant solution, which was cell-free 
and turbid, was used as the crude extract for studies of the enzyme content 
of mycelia, as well as for purification. Preliminary experiments showed 
that 85 per cent or more of the nitrate reductase activity of the homogenates 
was present in the extracts. 

Micronutrient Deficiencies and Growth—For the phase of the work dealing 
with the effects of deficiencies of micronutrients on the activity of the 
enzyme, deficiencies of zinc, iron, manganese, and magnesium were ob- 
tained and growth was measured as described previously (8). 

Cofactors--TPN of 75 per cent purity was prepared from sheep liver by 
a procedure involving ion exchange chromatography.“ TPNH was pre- 
pared enzymatically as follows: To 40 mg. of TPN dissolved in 15.4 ml. of 
0.1 u phosphate buffer, pH 7.5, were added 0.8 ml. of 0.1 u MgCl, and 
3.0 ml. of 0.05 M d-isocitrate. The reaction was started by the addition of 
0.8 ml. of a phosphate extract at pH 7.5 of washed acetone-dried pig heart 
containing isocitric dehydrogenase (9). The reaction was allowed to con- 
tinue at room temperature for 30 to 45 minutes, when the optical density 
at 340 my had reached a maximum and minimal TPN remained as tested 
by the cyanide reaction (10). At the end of the reaction, the incubated 
mixture was adjusted to pH 9.0 to 9.5 and placed in a boiling water bath 
for 3 minutes. The resulting suspension was centrifuged for 5 minutes 
and the supernatant solution, which could be stored for months at — 15°, 
was used as a TPNH source. The absorption at 340 my was confirmed to 
be due almost entirely to enzymatically active TPNH, by preliminary tests 
with partially purified glutathione reductase from peas (11). The con- 
centration of TPNH (2 au per ml.) was determined spectrophotometrically 
with 6.24 X 10° sq. cm. Xx mole as the extinction coefficient at 340 m 
(12). TPNH was also enzymatically prepared in essentially the same 
manner as above, except that 13 units of purified yeast phosphogluconie 
dehydrogenase (13) and 100 um of phosphogluconic acid, kindly supplied 
by Dr. B. L. Horecker, were used in place of the isocitric dehydrogenase 
system. 
MgSO, -7H,0 0.5 gm., NaCl 0.1 gm., CaCl, 0.1 8 7, ‘sucrose 20 gm., Ns 
tetraborate 8.8 X gm., 64 X 10°* gm., FeCl,-6H,0 9.6 xk 10 
gm., ZnSO,-7H,0 8.8 X 10 gm., CuCl, 2.7 X 10 gm., MaCl,- 41,0 7.2 x 10 gm. 

Kornberg, A., and Horecker, B. L., unpublished. 
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DPN of 65 per cent purity was obtained from the Sigma Chemical Com- 
pany, and DPNH was prepared enzymatically as described elsewhere (14). 

FAD of approximately 60 per cent purity, prepared from yeast by the 
method of Warburg and Christian (15), was kindly furnished by Dr. L. A. 
Heppel. FAD was also obtained from the Sigma Chemical Company, and 
FMN from the Nutritional Biochemicals Corporation. The concentration 
of FAD solutions was determined spectrophotometrically with 1.13 X 10 
sq. em. X mole as the extinction coefficient at 455 ma (15). Boiled pig 
heart extract was prepared by heating at 100° for 5 minutes and centrifug- 
ing the extract of acetone-dried pig heart. 

Cytochrome c was obtained from the Sigma Chemical Company. 

Other Substances—The sodium salt of d-isocitric acid of 70 per cent purity 
(30 per cent citric acid) was prepared by ion exchange chromatography 
(16). The protein of p-amino acid oxidase was prepared from pig kidney, 
according to a modified procedure“ of Negelein and Brömel (17). Snake 
venom, used as a source of a nucleotide pyrophosphatase (18), was ob- 
tained from Ross Allen’s Reptile Institute. 

Determination of Activity—Enzymatic activity was determined colori- 
metrically by testing for nitrite by use of the sulfanilamide and N-(1- 
naphthyl)ethylenediamine hydrochloride reagents (19). The test proced- 
ure consisted of adding 0.05 ml. of enzyme at zero time to give a final 
reaction mixture of 0.5 ml., containing 0.1 ml. of 0.1 M KNQOs,, 0.05 ml. of 
15 X IO v FAD, 0.04 ml. of 2 X lO mw TPNH, and 0.26 ml. of 0.2 M 

te buffer, pH 7.0. After 5 minutes incubation at 23-28°, 0.9 
ml. of H:O and 0.5 ml. of sulfanilamide reagent were added to stop the 
reaction, followed by 0.5 ml. of the naphthylethylenediamine reagent to 
develop the color. After 10 minutes, the density of the color was read on 
a Klett colorimeter with a 540 ma filter. Control tubes lacking TPNH 
were used to correct for the turbidity caused by the enzyme. The enzyme 
exhibited no difference in activity when the assay was conducted under 
anaerobic compared to aerobic conditions. There was no chemical reduc- 
tion of nitrate to nitrite by TPNH. 

unit of nitrate reductase is defined as that amount of enzyme which 
results in the formation of 10 um of nitrite under the above conditions of 
the assay.“ 


* Frisell, W., unpublished. 

At times nitrite reductase activity was present in some fresh crude extracts 
under the conditions of the nitrate reductase assay. In these cases it was found that 
the determination of nitrate reductase activity could be made by the use of KCN 
and FMN, in place of FAD, at 5 X 10-* M and 9 X 10-* M final concentrations, re- 
spectively. These inhibited 85 to 95 per cent of the nitrite reductase activity and 
only 10 to 20 per cent of the nitrate reductase. Nitrite reductase was removed in 
the first step of the enzyme purification procedure and was therefore absent in Frac- 
tion II (Table I). 
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Fig. 1 illustrates that the quantity of nitrite formed is directly propor- 
tional to the enzyme concentration. 

Specific activity is expressed as units per mg. of protein. The protein 
contents of the crude extracts from the deficiency series and the nitrogen 
source series were determined by the biuret procedure of Robinson and 
Hogden (20). In all other cases protein was measured by the Folin phenol 
reagent according to Lowry ef al. (21). Partially purified nitrate reductase 
fractions with a protein content of 200 to 600 y per ml. were used in these 
studies. 


— 


UM NITRITE Xx 10° 


1 1 1 
0 20 40 60 80 
MICROGRAMS PROTEIN 
Fic. 1. Proportionality of concentration of enzyme to nitrite formation. Stand- 
ard conditions of assay. 


Results 
Purification of Enzyme All steps of the purification procedure were 


carried out at 0-4°; centrifugations were performed at approximately 3000 


xX g; and ammonium sulfate was used only as the saturated solution, 
20-25, adjusted with sodium hydroxide to pH 7.0 to 7.5. 

In the following purification procedure 75 ml. of the saturated am- 
monium sulfate were added to 100 ml. of crude extract (Fraction I, Table 
I) to give a final concentration of 43 per cent saturation. After standing 
for 15 minutes, followed by centrifugation, the supernatant solution was 
discarded and the precipitate was dissolved in 40 ml. of cold 0.1 M phos 
phate buffer, pH 7.0. The dissolved precipitate (Fraction II) contained 
50 per cent of the initial activity with a 2-fold increase in purity (Table I). 

To Fraction II (40 ml.) at 0° were added 12.5 ml. of the saturated 
ammonium sulfate solution. After 15 minutes the precipitate (24 per cent 
saturation) was collected by centrifugation and discarded. The super- 
natant solution was treated with 21.5 ml. of the saturated ammonium 
sulfate solution, and after 15 minutes the precipitate was collected by 
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centrifugation and dissolved in 16 ml. of cold 0.1 m phosphate buffer, pH 
7.0. The activity in Fraction III (24 to 46 per cent ammonium sulfate 
saturation) represented 20 per cent of the units in the crude starting mate- 
rial and a 7-fold purification. 

Fraction III (16 ml.) was treated with 7.2 ml. of calcium phosphate gel 
(22), aged 9 months or longer (11 mg. of dry weight per ml.). After 15 
minutes the precipitate was collected by centrifugation, washed twice with 
5 ml. portions of cold 0.1 M phosphate buffer, pH 7.5, and eluted once with 
4.0 ml. of cold 0.1 m pyrophosphate buffer, pH 7.0. The pyrophosphate 
eluate (Fraction IV) showed about 10 per cent of the total activity of the 
original crude extract and an over-all purification of 40 to 50 times. The 


previous phosphate washings as well as subsequent pyrophosphate elutions 


I 
Summary of Purification of Neurospora Nitrate Reductase 
| 
Fraction I. Crude extraet 24,300 414 60 

* II. 043% ppt., ammonium sulfate 12,700 105 121 51.2 
8 III. 24-46% ppt., ammonium sulfate 5,000 12 117 20.0 
1 IV. Calcium phosphate gel eluate 2,40 0.9 2690 9.8 
* V. 0-60% ppt., ammonium sulfate. 2,400 0.6 4000 9.7 


— — — — — — — — — — — 


enzyme activity. 

To Fraction IV (4.0 mi.) were added 6.0 ml. of the saturated ammonium 
sulfate solution to give 60 per cent saturation. After standing for 15 
minutes at 0°, the precipitate was collected by centrifugation and dissolved 
in 2.0 ml. of cold 0.1 m phosphate buffer, pH 7.0. The protein in this final 
fraction (No. V) represented 10 per cent of the units in the crude starting 
material and an over-all purification of 60- to 70-fold. 

1 mg. of the purified protein is capable of reducing 48 um of nitrate to 
nitrite per hour. In terms of turnover number this corresponds to the 
reduction of 80 moles of nitrate per mole of protein per minute, assuming 
a molecular weight for the enzyme of 100,000. 

Stability of Enzyme—Of the five fractionation steps which constitute the 
purification procedure, Fraction II is most stable, losing only 10 to 20 
per cent of its activity after a month at —15°. The optimal pH for storage 
of this fraction is 7.0. On the other hand storage of Fraction III overnight 
at —15° or +4° resulted at least in a 50 per cent loss in activity. The 
calcium phosphate eluate (Fraction IV) loses about half of its activity 
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within a week at —15°. Fraction V is quite unstable, losing at least half 
of its activity when stored overnight at —15°. With reference to heat 
stability the latter loses 50 per cent of its activity at pH 7.0 at 40° in 5 
minutes, and all of its activity at 50° in 5 minutes, the shortest time 
interval tried. 

All attempts to dialyze the enzyme either as the crude extract or as 
Fractions II and III against phosphate buffer at pH 7.0, running tap water, 
or triply distilled water resulted in a complete loss of activity within 1 
hour, the shortest time interval tried. When the enzyme was exposed to 
washed cellophane dialyzing membrane (5.0 ml. of enzyme + 0.5 gm. of 
shredded membrane) for 2 minutes, 95 per cent of the original activity was 
lost. Attempts to restore activity by the addition of boiled crude extract, 
ashed crude extract, glutathione, or the inorganic ions Mg, MoO,”, B,O;*, 
Zn, Cu, Mn**, Fe**, or Fe. (5 X 10 M final concentration) were 
unsuccessful. Attempts to elute an active enzyme from the dialyzing 
membrane by use of phosphate and pyrophosphate buffers also failed. 

pH Optimum The effect of pH on enzymatic activity was determined 
by the use of various buffers of suitable pH values. Fig. 2 indicates that 
there is a striking rise in activity with highly purified enzyme (Fraction V) 
when pyrophosphate is present, and that a sharp maximal peak exists at 
pH 7.0, a negligible activity remaining below pH 6.0 and above pH 9.0. 
Increased rates were also obtained in the absence of pyrophosphate if 
Versene was added to the reaction mixture in final concentrations varying 
from 10-* to 10-* moles per liter. Triphosphate was less effective than 
Versene or pyrophosphate. These results suggest the presence of a metal 
inhibitor in Fraction V which is removed by chelating agents such as 
pyrophosphate, Versene, or triphosphate. 

Nitrate A ffinity—The dependence of the reaction rate on substrate con- 
centration is shown in Fig. 3. The dissociation constant (K.) of the 
enzyme-nitrate complex, estimated from the saturation curve, is 1.4 X 
10-* in moles per liter. 

Prosthetic Flavin Group In the early phases of this work it was observed 
that only a small fraction of the original nitrate reductase activity present 
in the crude Neurospora extract could be recovered after the first am- 
monium sulfate purification step. However, the addition of boiled pig 
heart extract to the reaction mixture resulted in an approximately 5-fold 
increase in activity. This reactivating effect by boiled pig heart extract 
could be replaced in full by FAD and in part by FMN in this and all 
subsequently purified enzyme fractions. The separation of nitrate redue- 
tase into its protein moiety and prosthetic flavin group was to a lesser 
extent facilitated by treatment with calcium phosphate gel. The reactiva- 
tion of a purified protein fraction as a function of FAD and FMN concen- 
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trations is shown in Fig. 4. The dinucleotide was considerably more effec- 
tive than the mononucleotide in increasing the residual activity of the 
enzyme with respect to both the extent of maximal activation and the 
concentration required for saturation. An approximate determination of 
the dissociation constants from the data indicates that half of maximal 
activation was obtained with FAD at about 3.2 x 10 and with FMN at 
about 30 X 107 in moles per liter. 
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NITRATE CONCENTRATION 
oH MOLES PER LITER x 10° 
Fic. 2 Fie. 3 


Fic. 2. Effect of pH on nitrate reductase activity. All buffers present in u final 
concentration of 10-' u. Euch sample contained 30 units of enzyme (Fraction V). 
A, pyrophosphate; A, phosphate; O, acetate; @, Tris. 

Fic. 3. Effect of nitrate concentration on nitrate reductase activity. 20 units 
of enzyme. 


Although the more effective action of FAD in reactivating the enzyme 
does not necessarily identify this nucleotide as the prosthetic group of 
nitrate reductase, the following experiments establish the identity of the 
flavin associated with purified enzyme as FAD. The flavin was liberated 
from nitrate reductase by heating at 100° for 5 minutes in the dark. A 
separate 0.1 u pyrophosphate solution at pH 7.0 containing 3.8 X 10 um 
of FAD was also heated in the same manner. The supernatant solutions 
were collected by centrifugation and analyzed fluorometrically by the method 
of Burch et al. (23), based on the increase in fluorescence which accompanies 
the splitting of FAD to FMN and adenylic acid. Snake venom containing 
pyrophosphatase was used to hydrolyze the dinucleotide present in the 
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supernatant solutions. A marked increase in fluorescence due to flavins 
was obtained by hydrolyzing the sample (Table II). The snake venom 
showed no fluorescence due to flavins, and control solutions incubated 
without snake venom did not change in fluorescence. Since the fluores- 
cence of FAD is 0.14 times that of FMN, the per cent of FAD in a mixture 


MICROMOLES NITRITE x 103 


16 32 48 64 80 96 12 
FLAVIN CONCENTRATION 
MOLES PER LITER x 10” 


Fic. 4. Effect of flavin concentration on nitrate reductase activity. Preineu- 
bated for 5 minutes at 4° with all components of the reaction mixture except TPNH, 
prior to the usual nitrate reductase assay. The flavin concentrations are the final 
concentrations in the test. 


of FAD and FIN is given by Equation 1 where i and 5: are the fluoro 
(1) % FAD = aot x 100 


metric readings before and after hydrolysis, respectively. As shown in 
Table II, almost all the flavin in the supernatant solutions of the boiled 
enzyme preparation and the known FAD solution can be accounted for as 
FAD. 

Additional evidence for the identity of the flavin of Neurospora nitrate 
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reductase as FAD was provided by its activity with the protein of the 
FAD specific b-amino acid oxidase. In this experinient 2.6 ml. of the 
boiled enzyme preparation, adjusted to pH 8.5, and 0.2 ml. of the apo- 
enzyme of p- amino acid oxidase were placed in the main compartment of 
a Warburg vessel. The side arm contained 0.2 ml. of 0.33 Mu pt-alanine 
and the center well KOH. The mixture was preincubated for 30 minutes 
at 4°, and oxygen uptake was determined at 30°. Other reaction mixtures 
containing up to 2.5 X 10 um of FAD in place of the boiled enzyme 
preparation were run at the same time in order to estimate the FAD 
content of the unknown sample. The boiled enzyme preparation contained 
1.6 X 10~* of FAD per ml. as determined by this method. This com- 


Taste II 
Fluorometric Analysis of Nitrate Reductase Flavin 
| Galvanometer readings 
| Enzyme flavin 
ͤ 11 3 
After — 36 14 


0.1 Mu pyrophosphate solutions, pll 7.5, containing 3.8 X 10°? u of FAD and 
boiled nitrate reductase supernatant solutions, respectively, were hydrolyzed by 
incubating in the dark with 0.3 ml. of snake venom (containing nucleotide pyro- 
phosphatase) for 1 hour at 37° in a final volume of 5.0 ml. made up with 0.1 u phos- 
phate, pH 7.5. The control solutions (before hydrolysis) were incubated as above 
but without snake venom. For the fluorometric analysis 2.1 ml. and 3.0 ml. aliquots 
of the above FAD and enzyme supernatant solutions, respectively, were used. 

* Calculated from Equation 1. 


pares favorably with the value of 2.4 Xx 10~* um of FAD per ml. calcu- 
lated from the fluorescence data of the same preparation with a known 
sample of riboflavin as a standard. 

TPNH As Electron Donor—The activity of the enzyme in catalyzing the 
reduction of nitrate to nitrite as a function of pyridine nucleotide concen- 
tration (Fig. 5) indicated a marked specificity for TPNH as the electron 
donor. When the nitrate reductase concentration was increased 6-fold, 
however, the specificity for TPNH was shown to be relative, since DPNH 
under these conditions also acts as an electron source, although much less 
efficiently, as shown in Fig. 5. The maximal rate of activity achieved 
with TPNH was about 20-fold that obtained with DPNH. An estimate of 
the dissociation constants from the curves indicates that one-half maximal 
activity with TPNH was obtained at about 7 X 10-5 and with DPNH at 
about 1.4 X 10~* in moles per liter. DPNH at the higher concentrations 
appears to inhibit the activity of the enzyme. 


a! * 
* 
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TPNH preparations made enzymatically by use of isocitric dehydrogen- 
ase and phosphogluconic dehydrogenase were equally effective. TPNH, 
prepared by chemical reduction with hydrosulfite (24), appeared to be as 
effective as enzymatically prepared TPNH, although it was less stable 
when stored at — 15°. 


2 

* 

„ TPNH, 54 ENZYME UNITS 
— * DPNH, 54 ENZYME UNITS 
— * OPNH, 324 ENZYME UNITS 
2 30 

8 

22 

8 

2 

2 18 

4 

= 

6 


O 14 28 42 56 70 84 98 
COENZYME CONCENTRATION 
MOLES PER LITER Xx 109 


Fic. 5. Effect of concentration of reduced pyridine nucleotides on nitrate redue- 
tuse activity. The coenzyme concentrations are the final concentrations in the 
test. 


Succinate, cysteine, glutathione, and ascorbic acid in final concentrations 
ranging from 5 Xx 10-* to 8 Xx 10~* moles per liter failed to replace TPNH 
under anaerobic or aerobic conditions as the electron donor in the en- 
zymatic reduction of nitrate to nitrite. 

Stoichiometry of Enzymatic Reaction In order to determine the stoichi- 
ometry of the nitrate reductase reaction, experiments to measure con- 
comitant disappearance of TPNH and production of nitrite were carried 
out in spectrophotometric cuvettes containing approximately the same 
proportion of constituents that was used in the regular determination of 
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enzymatic activity. Methylene blue was added to the solvent cuvette to 
compensate for the absorption due to the enzyme. TPNII oxidation was 
followed by observing the decrease in optical density at 340 ma. Simul- 


— 


COMPLETE (OPNH) 


— 
a 4 * 


* 


MINUS ENZYME (TPNH) 


— 102 
2 
— 
8 MINUS NITRATE (TPNH) 
7 
COMPLETE (TPNH) 
8 
4 
x 2 
PGO SYSTEM 
1 i i 
3 6 9 2 E 18 21 


MINUTES 


Fic. 6. The time-course of nitrate reductase activity as followed by the oxidation 
of TPNH. The complete (TPNH) test system (3.6 ml.) contained 424 units of 
nitrate reductase, 0.83 uu of TPNH, 100 u of K NO,, and 0.3 au of FMN and had a 
final concentration of 0.03 Mu pyrophosphate and 0.1 u phosphate, pli 7.0. In the 
“minus nitrate’ system water was substituted for KNO,;. The “minus enzyme” 
system was the same as the complete test system except that 0.1 u pyrophosphate 
was substituted for the enzyme. The complete (DPNH)” system was the same 
as the complete (TPNH)” system except that 0.9 uw of DPNH was substituted 
for TPNH. At 20 minutes 0.1 ml. of 4.7 X 10°? phosphogluconie acid and 0.3 unit 
of purified phosphogluconic dehydrogenase (PGD system) were added to the “‘com- 
plete (TPNH)” system as indicated. 


taneously, aliquots of the reaction mixture were removed from the cuvettes 
at regular intervals during the reaction period and assayed for nitrite. 
Fig. 6 shows the time-course of the nitrate reductase reaction observed by 
following the spectrophotometric oxidation of TPNH. There was a very 
rapid disappearance of absorption in the presence of the complete system, 
none when DPNH was used in place of TPNH or when the enzyme was 


.— 
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omitted, and a moderate endogenous rate when all constituents except 
nitrate were present. The almost complete restoration in absorption ob- 
tained upon addition of the phosphogluconic dehydrogenase system to the 
complete reaction mixture confirmed the oxidation of TPNH to TPN by 
nitrate reductase. The extinction coefficient 6.24 X 10° sq. em. X mole 
at 340 my (12) was used to compute TPNH oxidation after first subtracting 
the endogenous activity observed in the absence of added nitrate. The 
molar comparisons of nitrite formation and TPNH oxidation shown in 


Taste III 


Stoichiometry of Nitrate Reductase Reaction from Enzymatic Rates of TPNH 
Oxidation and Nitrite Formation 


— — — — — — — — — — 


pu X 10 per ml. reaction mixture 


2 13.2 | 16.4 13.2 18.4 
4 25.9 | 28.6 29.6 39.0 
6 | 46.0 49.8 
7 39.6 42.5 | 

7.5 63.0 62.8 
10 50.6 53.2 | 72.5 77.9 
13 56.6 57.8 92.0 93.1 
15 63.0 58.8 106.9 103.0 
18 | 117.0 108.0 


— — — 


game protocol as that described for the complete reaction mixture of Fig. 6. 
Nitrite was determined in the usual manner on 0.2 ml. aliquots of the reaction mix- 
ture. 


Table III are in agreement with the conclusion that the enzyme catalyzes 
the reduction of nitrate to nitrite according to Equation 2. 


(2) NO; + TPNH + Ht NO + TPN* + H,O 


The endogenous disappearance of TPNH in the absence of nitrate cannot 
be ascribed to a nitrate contamination, since no nitrite was formed. This, 
together with the failure of DPNH to disappear, suggests the presence of 
another specific TPN H-utilizing system. It is of interest that the incom- 
plete restoration of optical density of the complete reaction mixture upon 
addition of the phosphogluconic dehydrogenase system proceeded to a level 
equal to that of the endogenous curve (without nitrate), indicating that 
some TPN has been destroyed. A DPNase which splits the nicotinamide 
riboside linkage (25) is present in the purified nitrate reductase and could 
account for this destruction. If DPNase is responsible, then it would be 
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purely fortuitous that the DPNase rate equals the endogenous TPNH- 
utilizing rate. 

Fig. 5 and Table III show that the course of the enzymatic reaction as 
followed by TPNH oxidation and nitrite formation is at first linear and 
then decreases with time. 

Other Enzymes Present—In addition to the presence of DPNase (25) in 
the purified nitrate reductase fraction, a number of other enzymes were 
also found. The nitroethane-oxidizing enzyme reported by Little (26) was 
present in appreciable concentration. Since it did not parallel nitrate 
reductase in the purification process and differed in its oxygen requirement 


Taste IV 
Inhibition of Nitrate Reductase by p-Chloromercuribenzoate and Its Reversal by 
Sulfhydryl Compounds 
inal concentration of Per cent inhibition 
No sulfhydryl 10 wcysteine u glutathione 
0 | 0 19 17 
10-* 94 34 10 
6 u 91 25 17 
10 85 22 7 
5 Xx 43 13 7 


— — — — 


18 units of nitrate reductase were preincubated for 5 minutes at 4° with various 
concentrations of p-chloromercuribenzoate, as indicated, in 0.1 u phosphate, pH 7.0, 
made up to a final volume of 0.32 ml. Cysteine hydrochloride or glutathione was 
added as indicated, followed by an equivalent amount of Na:CO,;. When no —SH 
compounds were used, water was added to maintain equal volumes. The mixtures 
were again incubated for 5 minutes at 4° and then assayed for nitrate reductase in 
the usual manner. 


for activity and lack of sensitivity to low concentrations of cyanide and 
azide, it is concluded that this enzyme and nitrate reductase are not the 
same. Small concentrations of glutathione reductase, which is insensitive 
to cyanide and azide (11, 27), and moderate TPN-cytochrome c reductase 
activity (28) were also detected. Since the latter did not parallel nitrate 
reductase activity in the purification, and since the addition of cytochrome 
e and ascorbic acid (which chemically reduces cytochrome c) to the com- 
plete nitrate reductase reaction mixture did not enhance activity, cyto- 
chrome e reductase and nitrate reductase appear to be separate entities. 
Evidence for Sulfhydryl Groups—Table IV summarizes the results of 
experiments demonstrating the reversal of p-chloromercuribenzoate inhibi- 
tion of enzyme activity by the —SH containing compounds, cysteine and 
glutathione. Although iodoacetate in a final molar concentration of 10 
had no effect on activity, preincubation of the enzyme with p-chloromer- 
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curibenzoate in final molar concentrations as low as 10 and 5 X 10 
resulted in approximately 100 and 50 per cent inhibition, respectively. 
Under these conditions the activity of the nitrate reductase could be almost 
completely restored by subsequent incubation with SI compounds, as 
shown in Table IV. These results indicate the presence on the enzyme of 
sulfhydryl groups capable of forming slightly dissociated mercaptide link- 


TaBLe V 
Effect of Inhibitors on Activity of Nitrate Reductase 
PE cent inhibition. 


Final molarity 


—— — — - — — 


KCN..... * 76 32 90 
Carbon monoxide | © inhibition at 100% CO concentration in dark 
Salicylaldoxime | 6 
Potassium ethyl xanthate.. 56 32 
Sodium diethyldithiocarbamate 21 0 0 
Thiourea 44 0 0 
Ethylene diamine tetraacetic 

acid (versenic acid) 15 

Cysteine | 19 12 
Glutathione 17 
o-Phenanthroline 64 14 0 
a,a-Dipyridy! 
8-Hydroxyquinoline _. | @ 0 0 
CuSO, SS 64 10 
NaF 2 0 


— — 


The above inhibitors were preincubated with 10 units of ) nitrate re reductase | end 
phosphate buffer, pH 7.0, for 5 minutes at 4° before assaying for enzyme activity in 
the usual manner (see the text). 


ages, but relatively less available to the action of certain other reagents, 
whether for structural or other reasons (29). 

The failure to observe complete reversal can be attributed to the small 
inhibitory effects of cysteine and glutathione on nitrate reductase (Tables 
IV and V). The inhibitory action of copper salts at low concentrations 
(Table V) may possibly be due to alteration of the —-SH groups on the 
enzyme. 

Evidence for Metal Constituent—The significant sensitivity of the enzyme 
to a number of inhibitors (Table V) such as cyanide, azide (but not carbon 
monoxide), potassium ethyl xanthate, thiourea, o-phenanthroline, and 8. 
hydroxyquinoline strongly suggests the presence of a metal constituent in 
the nitrate reductase system. 
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It has been demonstrated that certain metalloenzymes in higher plants 
decrease under conditions in which the specific metal concerned is deficient 


Tasie VI 
Effect of Nutritional Deficiencies on Nitrate Reductase Activity of Neurospora 
Extracts 

Units of enzyme activity expressed per mg. of protein. 
D 100 6 23 52 4 
e 46-62 22 131 | 47 

F 43-84 17 94 8 

Fe, Mn 31-51 53 102 56 

44-82 22 =. 29 

844 fo @ 


In Exporimont 1, mycelia grown for 4 days; in all others, for 5 days. 
t One-twenty-fifth to one-fiftieth of the nitrogen content of the control medium. 


VII 
Nitrate Reductase Activity of Extracts from Mycelia Grown on Different Sources of 
Nitrogen 
Units of activity per mg. of protein. 
Nitrate reductase 
ef days growth) 
Nitrate 38 8 
0 0 
Fries (nit rute and ammo nia) 24 11 


The constituents of the nit rate minimal medium were the same as t hose of the 
Fries medium except that Na tartrate (5 gm. per liter) was substituted for the NH, 
tartrate and NaNO, (3 gm. per liter) was substituted for the NH,NO,. The nitrite 
minimal medium was the same as the nitrate medium except that NaNO, (I gm. per 
liter) was substituted for NaNO,, and the medium was adjusted to pH 6.0 before 
sterilization. The ammonium minimal medium was the same as the Fries medium 
except that NH. CI (1 gm. per liter) replaced NH. NO.. The pt-alanine medium 
was the same as the Fries medium except that Na tartrate (5 gm. per liter) was 
substituted for NH, tartrate, and NII. XO, was replaced by pt-alanine (9.3 gm. 
per liter). Medium adjusted to pH 5.5 before sterilizing. 


the nutrient medium (30). This prompted an examination of the effects 
of metal deficiencies on nitrate reductase with the hope of obtaining a clue 
concerning the identity of the metal involved. Table VI shows that the 
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striking increases of nitrate reductase found in extracts of Neurospora 
deficient in iron, manganese, zinc, and magnesium tentatively rule out 
these elements as the metal constituent of nitrate reductase. The decrease 
in enzyme activity under conditions of a nitrogen deficiency can be ascribed 
to a limited synthesis of the protein moiety of nitrate reductase. The 
reason for the variations between the controls in different experiments is 
not clear. However, the difference found within individual experiments is 
regarded as significant. 

Adaptive Formation of Enzyme—Table VII summarizes the effects of 
different sources of nitrogen used in the growth of Neurospora on the 
activity of nitrate reductase. The results indicate that the enzyme is an 
adaptive one. Activity occurred in mycelia grown in the presence of ni- 
trate or nitrite. No activity existed in mycelia grown in ammonia or 
alanine as a sole nitrogen source. The presence of the enzyme in mycelia 
grown on the Fries medium rules out the possibility that ammonia inhibits 
formation of nitrate reductase. Whether nitrite can serve directly in the 
adaptive formation of the enzyme or whether it is first oxidized to nitrate 
cannot be determined from the data. It is not unreasonable that some of 
the nitrite is oxidized to nitrate in the presence of catalase by means of 
enzymatically produced peroxide, as shown in liver by Heppel and Porter. 
field (31). The explanation for the greater enzyme activity in mycelia 
grown on a nitrite medium as compared to a nitrate-containing medium 
is not entirely clear. 


DISCUSSION 


In addition to the important function of flavins in mediating electron 
transport between pyridine nucleotides and cytochrome c, dyes or oxygen, 
the present study illustrates that flavin systems are also active in trans- 
ferring electrons from pyridine nucleotides to nitrate. 

The possibility exists, however, that the Neurospora nitrate reductase 
system may in reality include a number of enzymes or unknown inter- 
mediates despite its behavior as a single entity during purification. Some 
of the arguments which cast some doubt on the one enzyme idea are as 
follows: First, at pH 7.0 for TPNH: TPN* is probably about —0.28 on 
the assumption that it is close to that of DPNH:DPN+* (32), whereas 
E', for NO,: NO: is about +0.54 at pH 7.0 (33). The free energy change 
of the nitrate reductase reaction as calculated from the above standard 
potentials is approximately —38,000 calories, which is inordinately large 
for a single step oxidation-reduction reaction in a biological system. Itis 
not unreasonable that such constituents as cytochrome a or b (cytochrome 
c has been eliminated experimentally) with standard potentials intermed: 
ate between those of the reactants and products of the nitrate reductase 
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system might be involved. Secondly, the flavoprotein nature of the en- 
zyme in conjunction with the presence of an unknown metal constituent 
may be indicative of more than one step in the reaction. Thirdly, the 
combination of two Neurospora mutants, each of which cannot use nitrate 
but can use nitrite as a nitrogen source, into a heterocaryon capable of using 
nitrate® is also suggestive of more than one catalytic protein in nitrate re- 
ductase. Finally, the possibility has not been ruled out that the enzymatic 
reduction of nitrate to nitrite involves the formation of an organonitrate 
intermediate which then undergoes reduction, followed by breakdown to in- 
organic nitrite (34). Further purification of the enzyme is in progress in 
order to clarify this point. 

An attempt was made to demonstrate the reversal of the nitrate reduc- 
tase reaction by reducing TPN with nitrite in the presence of FAD and 
enzyme. In addition the glutathione reductase of peas (11) was coupled 
to the reaction in order to shift the equilibrium of Equation 2 to the left. 
No disappearance of nitrite was observed. These results would be ex- 
pected in view of the E- values cited above, from which one may calculate 
the approximate equilibrium constant for the reaction 


(TPN*)(NO;-)(H:0) 


K = 


10” 


Since no reliable data are available concerning the potential of the glu- 
tathione-reduced glutathione system,’ it is difficult to say whether measur- 
able reversibility could have been expected under the experimental condi- 
tions. 

As a point of interest, the use of the purified enzyme as a means of 
assaying for nitrate seems quite feasible. 

One aspect of the physiological significance of the enzyme is the fact 
that the energy for nitrate reduction in non-photosynthetic organisms can 
apparently be derived from those substrates, for the most part intermedi- 
ates of carbohydrate metabolism, which are oxidized by TPN-enzyme sys- 
tems. During the course of this work nitrate reductase from soy bean 
leaves was also studied.“ It differs from the Neurospora enzyme in its 
behavior during purification, the dissociation properties of the FAD pros- 
thetic group, and its ability to use DPNH as an electron donor to almost 
the same extent as TPNH. This system also occurs in other higher plants. 
In green plants, then, one could expect to find, in addition, nitrate reduc- 
tion to occur by pyridine nucleotides reduced photochemically by the Hill 
reaction (35). This photochemical reduction of nitrate has been experi- 

Silver, W. S., McElroy, W. D., and Nason, A., in preparation. 

? Personal communication from Dr. Reinhold Benesch. 

* Evans, II. J., and Nason, A., Plant Physiol., in press. 
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mentally demonstrated with purified nitrate reductase and chloroplasts * 
from soy bean leaves.“ 13 


The purification and properties of a soluble enzyme, nitrate reductase, 
from Neurospora are described which catalyzes the reduction of nitrate to | ' 
nitrite according to the equation 

NO; + TPNH + H* — NO; + TPN* + H,O 


The maximal] rate of activity achieved with TPNH was about 20-fold that 
obtained with DPNH. The equilibrium constant for the reaction is calcu- 
lated to be 10% and the reaction cannot be reversed. 

The enzyme, which has been purified approximately 70-fold, has a pH 
optimum at 7.0 and is a flavoprotein with FAD as the prosthetic group as 
shown by reactivation studies, fluorometric analysis, and the p- amino acid 
oxidase test. Inhibition by p-chloromercuribenzoate was reversed by cys- 
teine or glutathione, strongly suggesting that —-SH groups are present on 
the enzyme. The enzyme is inhibited by cyanide, azide, thiourea, potas- 
sium ethyl xanthate, o-phenanthroline, and 8-hydroxyquinoline, indicating 
a heavy metal constituent. Carbon monoxide and fluoride were not in- 
hibitory. No stimulation of activity was obtained by addition to the 
reaction mixture of salts of iron, manganese, zinc, molybdenum, mag- 
nesium, boron, or copper. The increase in specific activity of the enzyme 
in mycelia deficient in iron, manganese, zinc, and magnesium tentatively 
rules out these elements as the metal constituent of the enzyme. The 
adaptive nature of nitrate reductase was demonstrated by its presence in 
mycelia grown on a nitrate or nitrite nitrogen source and its absence on an 
ammonia or alanine nitrogen source, 

The properties of the enzyme are discussed in relation to its mechanism 
of action and physiological significance. 
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In 1944, Sumner (1) suggested reduction of the phosphomolybdie acid 
formed during the first step in the analysis of inorganic phosphorus by 
ferrous sulfate instead of by the various reducing agents, aminonaphthol- 
sulfonic acid (2), stannous chloride (3, 4), or 2,4-diaminophenol hydro- 
chloride (5) which had been conventionally employed for this purpose. 
He also pointed out that when ferrous sulfate is used as a reducing sub- 
stance the reaction can be carried out in a weakly acid solution, thereby 
providing greater specificity with mixtures of inorganic phosphorus and 
labile phosphate esters. Another distinct advantage is that the final color 
produced with ferrous sulfate is developed with great rapidity and remains 
stable for at least 2 hours. Rockstein and Herron (6) confirmed Sumner’s 
observations. 

We took advantage of the simplicity introduced by this reducing agent 
to develop a method for the semiquantitative determination of phosphorus 
in urine for clinical use in the management of renal phosphatic calculi by 
aluminum gels (7). This procedure has now been adapted to the quantita- 
tive determination of inorganic phosphorus in serum, urine, spinal fluid, 
and stool ash. Specific conditions were established which are optimal for 
the analysis of 2 to 40 y of inorganic phosphorus, a convenient range for 
biological material of this character. The necessary acidity for the pre- 
cipitation of proteins, the concentration of molybdate, and the effect of 
acidity on rapid color development were investigated. A Klett-Summer- 
son colorimeter with a No. 66 filter was used for the color comparisons. 


* Presented before the 122nd meeting of the American Chemical Society, Atlantic 
City, September, 1952. This research was supported in part by research grants from 
the National Institute of Arthritis and Metabolic Diseases of the National Institutes 
of Health, United States Public Health Service. 
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EXPERIMENTAL 


Reagenis— 

1. Potassium acid phosphate stock solution (should be kept in the re- 
frigerator). 0.5853 gm. of KH: PO. are dissolved and diluted to 1 liter. 
This solution contains 133.3 y of phosphorus per cc. 

2. Trichloroacetic acid, 11.5 per cent (for use with the standard solu- 
tions). 115 gm. of trichloroacetic acid are dissolved and diluted to 1 liter. 

3. Trichloroacetic acid, 12 per cent (for use with serum). 120 gm. of 
trichloroacetic acid per liter. 

4. Trichloroacetic acid, 34 per cent (for use with urine and stool ash), 
170 gm. of trichloroacetic acid per 500 cc. 

5. Sulfuric acid, 10 x. 278 cc. of concentrated sulfuric acid are slowly 
added to about 700 cc. of distilled water; after cooling, the solution is 
further diluted to 1 liter. 

6. Ammonium molybdate stock solution, 10 per cent. 50 gm. of (NH). 
Mo;Ox%-4H;0 are weighed into a liter beaker and about 400 cc. of 10 x 
sulfuric acid are added under constant stirring to prevent caking. When 
completely dissolved, the solution is transferred to a 500 cc. volumetric 
flask and washed in quantitatively with 10 & sulfuric acid to the 500 ce. 
mark. 

7. Ferrous sulfate-ammonium molybdate reagent (made up freshly be- 
fore use). 10 cc. of ammonium molybdate stock solution are transferred 
to a 100 cc. amber volumetric flask and diluted to about 70 cc. 5 gm. of 
FeS. · 7H: O are added, and the solution is made up to volume and shaken 


until the crystals are dissolved. 


Method 


The steps in the analytical procedure are identical for serum, urine, 
spinal fluid, and stool ash solutions except for the use of different dilution 
factors. The sensitivity of the method is from 2 to 40 y. The diluted 
samples are pipetted directly into colorimeter tubes and followed by the 
addition of the ferrous sulfate-molybdate reagent. A blue color develops 
maximally within 1 minute and is stable for at least 2 hours. The intensity 
of the color is determined in a Klett-Summerson photoelectric colorimeter 
with a No. 66 filter. There is a straight line relationship between the 
colorimetric reading and the concentration of phosphorus. 


Procedure for Determination of Phosphorus in Serum 
0.2 cc. of serum is added to 3.5 cc. of 12 per cent trichloroacetic acid ins 
15 ee. centrifuge tube. The mixture is well agitated, allowed to stand at 
room temperature for about 10 minutes, and then centrifuged for the same 
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period of time at about 1500 r. pm. The protein precipitate packs well in 
the tip of the centrifuge tube and 3 cc. of the supernatant fluid are readily 
pipetted off and transferred to a colorimeter tube. 2 cc. of ferrous sulfate- 
molybdate reagent are added and the intensity of the color is read in the 
colorimeter with a No. 66 filter after 1 minute or within 2 hours. 

Analysis of Standard So'ulions —3 cc. aliquots of standard solutions con- 
taining 4 y and 8 + of phosphorus are analyzed by the same procedure that 
is used for serum filtrates. These solutions are prepared by appropriate 
dilution and acidification of the aqueous stock solution in the following 
way. I and 2 cc. of the stock solution are pipetted into 100 cc. volumetric 
flasks and diluted to volume with 11.5 per cent trichloroacetic acid. These 
dilutions are stable for at least 3 weeks if the solutions are kept in the 
refrigerator. 

Calculation of Results for Serum—The need for the direct determination 
of the relatively small reagent blank was avoided by analyzing two stand- 
ards of different concentration for each series of determinations. 


Reading of 8 y less reading of 4 y 
4 


(1) = reading with 1 y 


Bg. = 


(2) Reading of 4 y less (reading of 8 + less reading of 4 7) = blank 
E.q. 63 — (117 — 63) = 9 = blank 


Reading of unknown less blank 
Reading with 1 + 


Determination of Phosphorus in Spinal Fluid 
The procedure is the same as for serum except that 0.4 cc. of spinal fluid 


is taken for analysis. This changes the factor in Equation 3 from 0.617 
to 0.326. 


(3) 


xX O617 = mg. % P in serum 


Procedure for Determination of Phosphorus in Urine 


The usual range of urinary phosphorus values is dealt with by diluting 
| ec. of the acidified 24 hour specimen to 100 cc. If this dilution factor 
yields a final value above or below the range of accuracy of this method 
(2 to 40 ), an appropriate dilution is selected. 2 cc. of diluted urine are 
pipetted into a colorimeter tube. I cc. of 34 per cent trichloroacetic acid is 
added and the solution is well mixed. 2 ce. of ferrous sulfate-molybdate 
solution are added and the intensity of the blue color determined. Urine 
containing proteins will show a distinct turbidity after the addition of 


These readings will vary with different instruments. 
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trichloroacetic acid. In that case, the aliquots in the colorimeter tubes are 
discarded and the procedure is changed in the following way: 4 cc. of 
diluted urine are pipetted into a 15 cc. centrifuge tube, 2 cc. of 34 per 
cent trichloroacetic acid are added, and the mixture is allowed to stand at 
room temperature for about 10 minutes. After centrifuging for a few 
minutes, 3 cc. of the supernatant fluid are pipetted into a colorimeter tube, 
2 cc. of reagent are added, and the analysis is continued as above. 

Calculation of Results for Urine—Equations 1 and 2 are calculated as for 
serum. The final calculation is made as follows: 


Reading of unknown less blank volume per 24 hrs. 
Reading with 1 y 20 (for 1:100) 


Procedure for Determination of Phosphorus in Stool Ash Solutions 


We are indebted to our associate Vincent Toscani for providing us with 
stool ash solutions prepared as follows: 2 gm. of dried stool were first 
ignited over a free flame and then ashed in a furnace at about 500-600° 
until all carbon had disappeared. The white ash was dissolved by heating 
with 10 cc. of water and 2 cc. of concentrated hydrochloric acid; this con- 
centrated solution was diluted to 100 cc. in a volumetric flask. We further 
diluted these solutions in most of the specimens 1 to 100 ce. As pointed 
out above for urine, other dilutions may be necessary in stools of very 
high or very low phosphorus content, with appropriate changes in the 
equation given below. 2 cc. of the diluted solution are then pipetted into 
a colorimeter tube. 1 cc. of 34 per cent trichloroacetic acid is added, 
followed by 2 ce. of ferrous sulfate-molybdate reagent, as in the analysis of 
serum or urine. 

Calculation of Results for Stool Ash Solutions—The blank and the reading 
with 1.0 y are calculated as for serum. The final step in the calculation is 
as follows: 


Reading of unknown less blank 
Reading with 1 + 


Application of Method to Determination of Alkaline and Acid Phosphatases 
in Serum 
The preparation of the substrates and the incubation periods were car- 
ried out according to the procedures given by Hawk, Oser, and Summerson 
(8), which are modifications of the original methods of Bodansky (9-11) 
and Shinowara, Jones, and Reinhart (12). 
Procedure for Incubated Sample Into a 15 cc. centrifuge tube are pi- 
petted 2 cc. of substrate (alkaline or acid), followed by 0.2 ce. of serum. 
After incubation for 1 hour at 37°, the solution is cooled in ice water and 


= mg. P per 24 hrs. 


* 2.5 (for 1:100) = mg. P per gm. stool 
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1.5 cc. of 28 per cent trichloroacetic acid are added. After 10 minutes 
standing at room temperature, the solution is centrifuged for about 10 
minutes at about 1500 r.p.m. and the procedure is continued as described 
under serum. 

Procedure for Control Sample—This is similar to the procedure for the 
incubated sample, except for the omission of the incubation period and the 
addition of the 1.5 cc. of 28 per cent trichloroacetic acid preceding the 
addition of the 0.2 cc. of serum. 

Procedure for Standard Solutions—In order to maintain the same final 
concentration of trichloroacetic acid and substrate in standard and un- 
known, the following dilutions are prepared: 3 and 6 cc. of the aqueous 
stock phosphate solution are pipetted into 100 cc. volumetric flasks and 
diluted to volume with 34 per cent trichloroacetic acid. 1 cc. of these 
dilutions represents 4 and 8 y respectively. The substrate (alkaline or 
acid) is further diluted: 8 cc. plus 2 cc. of water. 1 cc. of the standard 
solution is pipetted into a colorimeter tube, followed by 2 cc. of the diluted 
substrate, and the procedure continued as above. The calculation of the 
mg. per cent of phosphorus before and after incubation is identical to that 
for serum inorganic phosphorus. Comparisons of alkaline and acid phos- 
phatase in serum determined as described by Hawk, Oser, and Summerson 
(8) and by our procedure were in good agreement. 

DISCUSSION 

Stability of Phosphorus in Stock Solution, Serum, Urine, and Stool Ash 
Solutions—The aqueous stock solution is stable for at least 6 months. 
Phosphorus values in serum remained constant for at least a week if the 
samples were kept in the refrigerator. The analytical values for phosphorus 
in urine were found to be reproducible for a period of more than 6 months 
when 24 hour specimens were preserved with 2 cc. of concentrated hydro- 
chloric acid per 100 cc. and kept under refrigeration. The same holds for 
the phosphorus content in stool ash solutions. 

Influence of Acidity. Sulfuric Acid Sumner pointed out that the reduc- 
tion with ferrous sulfate can be carried out in weakly acid solution and 
that the lower the acidity, the less is the chance of labile esters splitting 
under these experimental conditions. With this in mind we investigated 
the effect of different concentrations of sulfuric acid in the ferrous sulfate- 
molybdate reagent. In Fig. 1 are given the colorimeter readings for 6 y 
of phosphorus at different normalities of sulfuric acid. No values could be 
obtained below 1 N, since there was a spontaneous development of a blue 
color in the reagent itself. The readings were unchanged from 1 to 2 N 
sulfuric acid, whereas at 3 & the speed of color development was consider- 
ably slower. We therefore selected 1 & sulfuric acid for the ferrous sulfate- 
molybdate reagent. 
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Trichloroacetic Acid—Regardless of the small amounts of serum taken 
for analysis, it was found essential to use a concentration of at least 10 
per cent trichloroacetic acid to obtain complete precipitation of the pro- 
teins. With lower concentrations a slight turbidity appeared on addition 
of the reagent. We investigated the use of higher concentrations of tri- 
chloroacetic acid, 15 and 20 per cent, and obtained the same phosphorus 
values in serum, but with a slightly higher blank. On the basis of these 
findings, we selected a concentration of 12 per cent trichloroacetic acid for 
the precipitation of the serum proteins. 

Hydrochloric Acid—Hydrochloric acid was used to dissolve the stool 
ashes and to preserve urine specimens. After appropriate dilution of these 
solutions, the amount in the final aliquot taken for analysis was not greater 


100: 


80- 0 ° ° 


COLORIMETER READING 


0.2 05 10 15 2.0 3.0 
SULFURIC ACID NORMALITY 


Fic. 1. Color developed with 6 7 of phosphorus as a function of the normality of 
sulfuric acid used for the ferrous sulfate-molybdate reagent. 


than 1 cc. of 0.005 x HCI; this concentration had no effect either on the 
speed of the color development or on the actual final color. We further 
investigated the addition of a larger amount of HCl and found that as 
much as | cc. of 1 x HCl could be present without any interference. How- 
ever, higher concentrations depress and delay the formation of the blue 
color complex. 

Effects of Molybdate Concentration—In Fig. 2 are given the colorimeter 
readings for 10 to 40 y at different concentrations of ammonium molybdate. 
It was noted that reduction of the concentration of ammonium molybdate 
to 0.5 per cent decreased the speed of color development. A concentration 
of ammonium molybdate above 1.5 per cent led to the spontaneous devel- 
opment of a blue color in the reagent itself. The concentration of 1 per 
cent was chosen as the lowest to secure rapid and maximal color develop 
ment for this range of phosphorus concentrations. 

In Fig. 3 are presented the results obtained with 1 to 40 v of phosphorus. 
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Fic. 2. Color developed with 10 to 40 + of phosphorus as a function of the concen- 
tration of molybdate used for the ferrous sulfate-molybdate reagent. 
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Fic. 3. Color developed as a function of the phosphorus concentrations over a 
range of 1 to 40 +. 
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Each point represents an arithmetic mean of four determinations at each 
concentration, after the blank value for the reagents had been deducted. 
The color produced obeys Beer’s law and the results are easily reproducible. 
The blue color, due to inorganic phosphorus, develops within 1 minute and 
is stable for at least 2 hours. These circumstances should be particularly 
advantageous in the presence of those acid-labile phosphate esters whose 
reaction velocity is slower. Their presence would be suspect if the color 
intensity increased after 1 minute, the time at which the full intensity of the 


Taste I 
Comparison of Phosphorus by FeSO, and Fiske-Subbarow Methods 

Serum Urine Stool ash Spinal fluid 

Sam ~ 2 | 

2 

1 | 4.8] 4.8 0 1530 130 —1 30.0 328 —3 2.0 2.13 
2 3.6 3.6 0 1620 1613 0 50.4 —3 1.6 14 
3 3.2 3.1 +3 80 —2 31.0 32.4 -3 08/08) 0 
4 5.35.4 —2 750) 780 0 31.42.11 1.1 110 
5 6.0 6.1 —2 328 5318 +2 31.0 32.6 —3 1.2 12 0 
6 4.44.3 42 920 872/45 31.4 83.4 1 0.9 0.9 0 
7 1.5 16 — 870| 86% +1 . 44.6) —7 1.6 16 0 
8 3.8/3.8 570 390 —3 43.5 4.2 3.0 2.8 7 
9 4.3 4.4 —2 312 906/43 42.5 4.7 —3 1.3 1.3 0 
10 3.6 3.7 —3 7% 740 +3 30.0 2.2 23 

11 2.7 3.0 —10 | | | 

12 6.3 | 3.727 | | 


color develops in the presence of inorganic phosphates alone. The problem 
of the possible interference of acid-labile phosphate esters is dealt with 
more specifically in the section on interfering substances. 

Comparison of Fiske-Subbarow and FeSO, Methods Table I provides s 
comparison of values obtained by the FeSO, method with a 0.2 cc. aliquot 
of serum and by the Fiske-Subbarow method with a 1.0 ce. aliquot, d 
urine and stool ash solutions with aliquots of 0.02 ec. by the FeSO, method 
and 1.0 ce. by the Fiske-Subbarow method, and of phosphorus in spinal 
fluid on 0.4 ce. aliquots for the FeSO, method and 3.0 cc. aliquots for the 
Fiske-Subbarow method. Recovery experiments were carried out with 
serum, urine, and stool ash solutions. With serum, the desired amount d 
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phosphorus was incorporated in the trichloroacetic acid used for the pre- 
cipitation of the proteins, and with urine and stool ash solutions, the 
desired amount of phosphorus was added in making up the final dilutions. 
These results are contained in Table II. 

Consideration of Other Possible Reducing Substances—We have investi- 
gated the possibility of substituting Fe(NH,)2(SO,)2 or ascorbie acid for 
FeSO, in the same concentrations as ferrous sulfate. Fe(NH,)2(SO,)2 is 
known to be a much more stable compound than FeSQ,, both in the solid 
state and in solution. However, solutions of Fe(N HI.) (S002, after re- 


Taste Il 
Recovery of Added Phosphorus 

Serum | Urine Stool ash 
Phos- Phos- Phos Phos- Phos- Phos Phos. Phos- Phos- 
Sample phorus phorus Sample phorus row | pores phorus phorus 
No added — re- No. | found No. — | re. 
— 
7 per come „ | per cont cons 

65.9 110 | &8 110 1. 
1 1.62 7.3 % 1 2.0 7.86 100 1 2.0 12.2 100 

3.1 20 | 10.3 
2 1.02 6.7. „ 2 20 71 16 2 80 18.6! 103 

s io sio 6. 
3 3.21 13.2 10 3 2.0 13.4 106 3 2.0 10.5 105 
7.1 23 4.0 16.6 3 4.0 12.4] 100 
4 3.2 105 10% 3 10.0 2.5 102 3 10.0 10.0 106 

sie 4.6 | 4/10 1.6 440 | 
5 648 11 105 4 20 166.6 100 4 2.0 11. 1 100 
¢ je 2.5 4 40 185 s 4 4.0 13.3 105 
6 648 9.4 4 00 28 4 10.0 19.6 105 


maining at room temperature for a day or two, form the blue molybdate 
complex of maximal intensity much more slowly, thereby introducing the 
hazard of irregular results; hence, like the FeSQ,, it must be freshly pre- 
pared. When freshly prepared, it was as effective as FeSO, with regard 
to the speed of color development. Comparisons of phosphorus determina- 
tions in serum, urine, and stool ash solutions carried out with both these 
reducing agents were in agreement. We have retained the FeSO, in this 
procedure, since most of the analyses, comparisons, and investigations of 
possible interfering substances were carried out with this reagent. 
Ascorbic acid has been recommended by several investigators (13-15) as 
a reducing agent in phosphorus determinations. We have studied its char- 
acteristics under our experimental conditions with the following results. 
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The maximal color intensity was about 4 times as great as with FeSO,. 
The color developed slowly to reach a maximum at about 70 minutes and 
remained stable thereafter for several days. When measurements were 
made after 70 minutes, the results were in agreement with those obtained 
with FeSO, and Fe(NH,)2(SO,)s for serum, urine, and stool ash solutions. 
The slow color development would be a great disadvantage in solutions 
which contain not only inorganic phosphorus, but labile phosphate esters 
as well. In solutions containing inorganic phosphorus only, ascorbic acid 
can replace ferrous sulfate, and is particularly useful because of the in- 
tensity of the color produced, which greatly increases the sensitivity. 
Interfering Substances—A number of substances have been investigated 
for their possible interference with the determination of inorganic phos- 
phorus in amounts of 1 mg. added to 10 y of phosphorus. The following 
did not interfere: creatine, glycocyamine, creatinine, calcium glycerophos- 
phate, urea, uric acid, p-aminohippuric acid, inulin, glycogen, lithium lac- 
tate, thymol, toluene, acetone, dextrose, cysteine, cystine, aluminum chlo- 
ride, sodium fluoride, and the following acids: acetylsalicylic, adenylic, 
citric, fumaric, glutaric, a-ketoglutaric, hippuric, malic, malonic, oxalic, 
pyruvic, and succinic. Lead acetate up to 5 mg. did not interfere with the 
final colorimeter reading; a heavy precipitate was formed on addition of the 
reagent, which settled nicely after centrifuging for a few minutes. The 
following substances did not interfere when added in amounts of 100 7 
to 4 to 10 y of phosphorus: sodium silicate, lead acetate, dipotassium glu- 
cose-1-phosphate, barium fructose-1 ,6-diphosphate, barium glucose-6-phos- 
phate, and barium fructose-6-phosphate. Adenosinetriphosphate and ad- 
enosinediphosphate in the above ratios to phosphorus gave slightly higher 
colorimeter readings; however, these readings did not increase on standing. 
This suggested contamination with minute amounts of free inorganic phos- 
phorus rather than splitting of the ester. On the other hand, acetyl phos- 
phate and creatine phosphate, even in minimal concentrations, are rapidly 
split under the conditions of our procedure and contribute to the reading 
after 1 minute. Hence the analytical results with this procedure, as with 
the Fiske-Subbarow method, will include whatever acetyl phosphate and 
creatine phosphate may be present. Ascorbic acid in amounts of 25 7 
added to 5 V of phosphorus did not interfere. This ratio of ascorbic acid 
to phosphorus is at least 10 times that which would be expected in either 
serum or urine. 
SUMMARY 

1. A micromethod has been described for the determination of inorganic 
phosphorus in small samples of serum, urine, spinal fluid, and stool ash, 
and for the analysis of alkaline and acid phosphatases. 
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2. This procedure is based on Sumner’s suggestion that the reduction of 
phosphomolybdic acid be carried out by ferrous sulfate in weakly acid 
solution 


3. The range of sensitivity of the method is from 2 to 40 y. 
The results are in good agreement with those obtained with the method 
of Fiske and Subbarow. 
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THE ENZYMATIC TRANSFER OF HYDROGEN* 
I. THE REACTION CATALYZED BY ALCOHOL DEHYDROGENASE 


Br HARVEY F. FISHER, ERIC E. CONN,$ BIRGIT VENNESLAND, xp 
F. H. WESTHEIMER 


(From the Departments of Biochemistry and Chemistry, University of Chicago, 
Chicago, Illinois) 
(Received for publication, November 17, 1952) 


In preliminary communications (1, 2) the authors have reported that 
the reaction catalyzed by yeast alcohol dehydrogenase involves a direct 
transfer of hydrogen from ethanol to diphosphopyridine nucleotide (DPN). 
The essential experiments were performed with 1, 1-dideuteroethanol, with 
which it was shown that the reaction proceeds according to Equation 1. 


Alcohol 
CH,CD,OH + — — 
dehydrogenase 


R 


CH,CDO + H* + 


The present paper discusses the details of the tracer experiments, and 
the stereochemistry of the monodeutero reduced DPN. 


Materials and Methods 


1 ,1-Dideulteroethanol—7 gm. (0.17 mole) of isotopically pure lithium- 
aluminum deuteride, 93 per cent active (purchased from Metal Hydrides, 
Incorporated), were suspended in 500 ml. of diethyl ether in a three-necked 


* This investigation was supported in part by a research grant G-3222 from the 
National Institutes of Health, United States Public Health Service, and by the Dr. 
Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. Part 
of this material is taken from a thesis submitted by H. F. Fisher in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 

t Predoctoral Fellow, Atomic Energy Commission, 1951-52. Present address, 
Department of Biochemistry, College of Physicians and Surgeons, Columbia Uni- 
versity, New York. 

: Present address, Division of Plant Nutrition, University of California, 
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flask equipped with a reflux condenser, dropping funnel, and stirrer, and 
stirred under nitrogen for 2 hours. Then 0.3 m of phenyl acetate in 40 
ml. of ether was added to the slurry at such a rate as to maintain gentle 
refluxing (3) (samples of lithium-aluminum deuteride, purchased more re- 
cently from Metal Hydrides, Incorporated, have proved almost com- 
pletely ether- soluble). Refluxing was continued for 2 hours, after which 
the reaction mixture was decomposed by cautious addition, first of wet 
ether and then of 50 ml. of water. The water-ether system was made 
alkaline to litmus, and an additional 0.1 M of sodium hydroxide was added 
in order to saponify any ethyl acetate which might have been formed during 
the reaction by ester exchange. The water-alcohol azeotrope was obtained 
by fractionating the heterogeneous mixture through an 18 inch Podbielniak 
column. The fraction boiling from 77.8-78.3° was dried over calcium 
oxide, the dry alcohol containing 2.06 atoms of deuterium per molecule. 
The yield, based on LiAlD,, was 55 per cent. 

Yeast Alcohol Dehydrogenase—Alcohol dehydrogenase from yeast was 
prepared by the method of Racker (4). The lyophilized protein usually 
had about 10 per cent of the activity of the preparation he described. 

Buffer—Tris (tris(hydroxymethy])aminomethane, or 8,8 ,8-trihydroxy-t- 
butylamine) was purchased from the Commercial Solvents Corporation, 
recrystallized from acetone, and dried under a vacuum. 

DPN—DPN of varying purity was purchased from the Sigma Chemical 
Company. When necessary, the purity was brought to 80 to 90 per cent 
by the method of Horecker and Kornberg.' 

Both DPN and reduced DPN were measured by enzymatic assay with 
alcohol dehydrogenase. As pointed out by Racker (4), DPN may be 
completely reduced by an excess of ethanol at pH 9.0. The increase in 
optical density at 340 mu was measured with a Beckman model DU quarts 
spectrophotometer. A molar extinction coefficient of 6.22 X 10% sq. cm. 
per mole (5) was used to make the calculations. The decrease in optical 
density which occurred when reduced DPN was oxidized with acetaldehyde 
at pH 7.4 was used similarly to determine reduced DPN. Per cent purity 
on a weight basis was calculated by assuming a molecular weight of 663 
for oxidized DPN (i.e., the material is assumed to exist as the free acid). 
The chemically reduced DPN was assumed to be present as a hydrated 
disodium salt and Ohlmeyer’s correction for water and sodium was applied 
to give a molecular weight of 790. The enzymatically reduced DPN was 
assumed to be present as the di-Tris salt with a calculated molecular weight 
of 907. 

Chemical Reduction of DPN in D,O—The procedure of Ohlmeyer (6) was 
used for the preparation of chemically reduced DPN. In a t _ pical experi- 


1 Horecker, B. L., and Kornberg, A., private communication. 
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ment, the reaction mixture contained 100 mg. of DPN, 104 mg. of NaHCO;, 
and 50 mg. of sodium hydrosulfite in 8 ml. of D,O (99.98 per cent). The 
exchangeable hydrogen in the DPN and in the bicarbonate could not have 
diluted the D,O by more than 0.4 per cent. The reduced DPN isolated 
from the methanol-, ethanol-ether mixture of Ohlmeyer was dissolved 
in a few ml. of water which were removed under a vacuum. This procedure 
eliminates essentially all exchangeable deuterium from the reduced DPN. 
Its deuterium content was not changed by a repetition of the washing 


ure. 

Enzymatic Reduction of DPN—Similar procedures were used for the 
reduction of DPN by dideuteroethanol in a medium of H:O and for the 
reduction of DPN by normal ethanol in a medium of DO. In both cases 
the medium was buffered with a Tris-HCl mixture prepared by adjusting 
the pH of a solution of the amine with concentrated HCl. Since there 
was no appreciable quantity of metallic cations in the reaction mixture, 
the DPN was isolated as the amine salt. This salt was not precipitated by 
ethanol until most of the Tris had been converted to the acid form. Several 
fractions of reduced DPN were usually obtained by successive addition 
of acid and ethanol. The yield and purity of each of these fractions were 
not exactly reproducible under the conditions employed but the results 
were uniformly satisfactory, and the method is recommended for the prepa- 
ration of solid reduced DPN free from inorganic salts. 

A typical experiment was carried out as follows. A solution at pH 8.8 
was prepared from 8 ml. of H,O, 604 mg. of Tris, 0.052 ml. of concentrated 
HCl, 90 mg. of DPN (of 93 per cent purity), and 2.6 mg. of alcohol de- 
hydrogenase. To this solution, 0.4 ml. of I, I-dideuteroethanol and 1.6 
ml. of H: O were added. From time to time, small aliquots were removed, 
diluted with buffer at pH 8.8, and assayed spectrophotometrically. Max- 
imal light absorption at 340 my was reached within less than 30 minutes. 
At this time the flask was placed in a boiling water bath for 75 seconds to 
denature the enzyme. The flask was cooled, 20 ml. of ethanol were added, 
and the precipitate, which consisted mainly of denatured protein, was 
removed by centrifugation and discarded. The supernatant fluid was 
diluted with 84 ml. of ethanol, and the pH reduced to 7.4 by the careful 
addition with stirring of 0.4 ml. of 6 * HCl (the pH must not go below 7.0 
because of the instability of reduced DPN in acid medium). The solution 
was kept at —17° for 4 hours and then centrifuged. The precipitate was 
washed with cold alcohol, then with ether, and finally dried in a vacuum. 
The supernatant fluid was diluted with an additional 50 ml. of alcohol 
containing 0.12 ml. of 6 * HCl, and the isolation procedure repeated. 
Finally, a third crop of reduced DPN was similarly obtained. In order to 
wash out all exchangeable deuterium, each precipitate was dissolved in 2 
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ml. of a Tris buffer of pH 7.4 and reprecipitated with 30 ml. of cold alcohol. 
Yields of reduced DPN: Precipitate 1, 57 mg. (73 per cent purity); Pre- 
cipitate 2, 12 mg. (82 per cent purity); Precipitate 3, 13 mg. (49 per cent 
purity). 

Enzymatic Oxidation of Reduced DPN—A solution of pH 7.4 was prepared 
from 2.8 ml. of I: O, 0.12 ml. of 6 Nn HCl, 181 mg. of Tris, 30 mg. of reduced 
DPN, and 3 mg. of alcohol dehydrogenase. To this solution, 0.3 ml. of a 
2 per cent solution of acetaldehyde was added. After 30 minutes, spectro- 
photometric examination showed that the reaction was complete. The 
reaction flask was placed in a boiling water bath for 75 seconds, cooled, and 
3 ml. of ethanol were added. The precipitate was removed by centrifuga- 
tion and discarded. Then 0.04 ml. of 6 Nn HCl and 15 ml. of ethanol were 
added to the supernatant fluid, which was allowed to stand at —17° for 
5 hours. The mixture (pH around 3.5) was centrifuged, and the pre- 
cipitated DPN washed with alcohol and ether before it was dried in a 
vacuum. 

Acetaldehyde from Enzymatic Oxidation of Alcohol—200 mg. of DPN 
were added to 9.6 ml. of a cold 0.17 u pyrophosphate buffer of pH 8.8. 
(Tris buffer was not used because of the ability of the amine to bind 
acetaldehyde.) Then 0.4 ml. of dideuteroethanol and 10 mg. of alcohol 
dehydrogenase were added, and the flask was stoppered and warmed to 
18°. After 2 hours, the flask was cooled to 0°, an additional 5 mg. of en- 
zyme were introduced, and the mixture was again warmed to 18° for 2 hours. 
Then the flask was connected through a Claisen distilling head to two 
absorption tubes, each of which contained 10 ml. of a saturated solution 
(about 0.4 gm. per 100 ml.) of “methone” (dimethyldihydroresorcinol). 
A stream of nitrogen was passed through the flask and the solution was 
heated to inactivate the enzyme. The stream of nitrogen was continued 
foran hour. Then the precipitate from the absorption tubes was collected 
by centrifugation and recrystallized from methanol. Yield, 2 mg., mp. 
142° (melting points for ethylidene bisdimethyldihydroresorcinol have been 
recorded from 140-143° (7, 8)). A weighed sample of the derivative was 
diluted, before analysis for deuterium, with some methone derivative of 
ordinary acetaldehyde. 

Deuterium Analyses—The compounds containing deuterium were burned 
and the water was collected and converted to hydrogen over zinc at 400°, 
according to the method of Graff and Rittenberg (9). The deuterium 
content of the hydrogen was then determined with a Consolidated-Nier 
model No. 21-201 isotope ratio mass spectrometer (10). 

Calculations—For pure compounds, the calculation of the atoms of deu- 
terium per molecule is quite straightforward. DPN and reduced DPN, 
however, create rather special problems because the isolated solids always 
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contain some impurities. In this work, the purity of the samples ranged 
from 40 to 90 per cent. 

Two different methods were used to determine the deuterium content of 
this DPN. Both methods depend on an assumption that all the deuterium 
present in any sample is actually present in the DPN or reduced DPN, and 
not in the enzymatically inactive impurities. The validity of this assump- 
tion is supported by the fact that, when samples of reduced DPN of varying 
purity are isolated from the same experiment, the deuterium content of 
the samples is almost proportional to their assayed purity. Further proof 
of the assumption is provided by the experimental results themselves. 
Thus, all the deuterium present in a sample of enzymatically reduced 
DPN can be removed from the DPN by enzymatic oxidation with acetal- 
dehyde. Finally, as described in Paper II, all the deuterium introduced 
into DPN by enzymatic reduction can be transferred completely to pyru- 
vate to give lactate, which can be analyzed in the form of a pure derivative. 

In the first method of determining the deuterium content of DPN, the 
sample was analyzed both for enzymatically active coenzyme and for 
total hydrogen (by combustion). The material was then further analyzed 
by the mass spectrometric method for the hydrogen-deuterium ratio, and 
the atoms of deuterium per molecule calculated. For example, in Experi- 
ment C’ (see Table I) a particular sample of reduced DPN assayed 73.6 
per cent pure as the Tris salt (mol. wt. 907), and contained 6.36 per cent 
total hydrogen. Mass spectrometric analysis showed that this hydrogen 
contained 1.285 atom per cent excess deuterium. 1 gm. of the DPN salt 
contained 63.6 X 0.01285/1.008 = 0.81 mu of excess deuterium, and 
736/907 = 0.81 mm of DPN. Therefore there was 1.00 atom of deuterium 
per molecule of coenzyme. 

In the second method (which was more useful when only limited amounts 
of DPN were available) a weighed sample of the DPN or reduced DPN 
salt was diluted with a known quantity of glycine (usually about 5 to 10 
times the weight of the DPN), and the resulting mixture was burned and 
analyzed for deuterium. This method avoids the necessity of analyzing 
each sample for total hydrogen content, because in the diluted sample most 
of the total hydrogen comes from the glycine. Under these circumstances, 
no reasonable error in estimating the total hydrogen content of the co- 
enzyme sample can significantly affect the result. However, it is still 
necessary to know accurately the purity of the nucleotide and to assume 
that whatever deuterium is present is incorporated in the coenzyme. For 
example, in one particular analysis (Experiment F), 1.99 mg. of a sample of 
oxidized DPN with a purity of 73 per cent were diluted with 8.90 mg. of 

glycine. The hydrogen of this sample contained 0.144 atom per cent ex- 
cess deuterium. The glycine contains 0.592 mm of hydrogen. The DPN 
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(4.1 per cent H, mol. wt. 663) contains 1.99 Xx 0.73 Xx 0.041 = 0.060 mu 
of hydrogen. In addition, the impurities present in the DPN contain 
some hydrogen. On the basis of analyses of other DPN samples, it was 
crudely estimated that the hydrogen content of these impurities is 7 
per cent. There are, therefore, 0.037 mm of hydrogen in the 0.537 mg. 
of impurities. The sample, then, contains 0.689 mm of hydrogen and 
0.689 X 0.00144 = 0.000992 mm of excess deuterium and the atoms of 
deuterium per molecule of DPN = (0.000992 X 663)/(1.99 X 0.73) = 


Taste I 
Deuterium Transfer with Alcohol Dehydrogenase 
Paste Atoms D per 
Experi-| Reductant Oxidant Substance isolated per, 
cen 
| Direct Diluted 
A | NaS.0, DPN D,O | Reduced DP 89 1.07 1.02 
é 14 AS 0.92 
10 60 1.05 
B | CH,CH,OH DPN D. Reduced DPN 78 0.00 0.00 
sé 14 40 0.06 
CH, CD. OI DPN | Reduced DPN | 88 1.04 
82 0.97 
C’ | CH,CD,OH DPN H. o “ 74 | 0.98 | 
82 1.00 | 
D CH,. CD. Ol DPN H,O | Acetaldehyde 100 1.00 
dimethone | | 
E | Reduced DPN CH, CHO | H:0 | DPN 65 0.00 
from C’ | | 
F | Reduced DPN CH, CIO H.O | DPN | | 
from A 


* The figures given are the averages of several determinations. 


0.45. An error of 20 per cent in the percentage of hydrogen assumed for 
the impurities in the DPN will cause an error of only 1 per cent in the 
calculated atoms of deuterium per DPN molecule. 

Accuracy—The difficulties encountered in the measurement of the ab- 
solute value of the atom per cent excess deuterium in an organic compound 
have been discussed by Kirshenbaum (11). Although there is some diff- 
culty arising from the fact that an empirical calibration curve for the mas 
spectrometer must be employed, the major source of error arises from the 
“memory” of the converter in which the hydrogen samples are prepared. 
If successive samples relatively high in deuterium are burned just afters 
sample with lower concentration of the heavy isotope, the percentage d 
deuterium found generally increases asymptotically with the number d 
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samples analyzed. Until and unless two successive samples of a given mix- 
ture give the same analysis, the result must be regarded with suspicion. 
The data quoted in this paper are those obtained after successive samples 
gave concordant results. The accuracy was in all cases probably better 
than +5 per cent, and was therefore more than sufficient to warrant the 
conclusions drawn. 


Results 


The experimental results are summarized in Table I. 
Exchange—Before the isotopic tracer method could be utilized to eluci- 
date the mechanism of the enzymatic oxidation-reduction reaction, it was 
necessary to ascertain whether deuterium atoms attached to carbon in the 
nicotinamide and reduced nicotinamide rings would exchange with the 
hydrogen atoms of the solvent under the experimental conditions here 
employed. Reduced DPN prepared by sodium hydrosulfite reduction in 
D. O was found to contain 1.0 deuterium atom per molecule (Experiment 
A). The compound was dissolved in water and isolated again; its deu- 
terium content was unchanged. Hydrogen exchange on the reduced carbon 
therefore does not occur under the mild conditions of these experiments. 
Enzymatic Reduction of DPN by Ethanol—Experiments B and C are a 
complementary pair; in Experiment B, DPN was reduced with ordinary 
alcohol in D,O; the resulting reduced DPN contained no deuterium, and 
therefore must have taken light hydrogen directly from the alcohol. In 
Experiment C, DPN was reduced with 1,1-dideuteroethanol in ordinary 
(light) water, and the reduced DPN contained 1 deuterium atom per 
molecule; the conclusion must be reached that the reaction involves direct 
transfer of deuterium from the alcohol to DPN. Experiment C’ was a 
duplicate of Experiment C, except that double the amount of enzyme and 
Acetaldehyde—The acetaldehyde produced from I, I-dideuteroethanol 
contained 1 deuterium atom per molecule (Experiment D). This completes 
the evidence that the reaction occurs according to Equation 1. There 
is no certainty that the reduction occurs at carbon 6 of the nicotinamide 
ring, as pictured in this equation; the reduction may occur instead at an- 
other carbon atom of the ring. The formula for which Karrer et al. (12) 
have expressed a slight preference was here chosen. The conclusions 
— however, are valid, regardless of the particular site of the reduc- 


reduced by 1,1-dideutero- 
ethanol, a new asymmetric center is introduced (c.g. at carbon 6) in the di- 
hydropyridine ring (Fig. 1). If the pyridine ring is regarded as lying in a 
horizontal plane, then it is proper to speak of the deuterium atom in re- 
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duced DPN as lying either above (Fig. 1, A) or below (Fig. 1, B) this plane; 
the other position is of course occupied by hydrogen. Since DPN ig 
itself optically active, the two possible stereoisomeric 6-monodeutero re- 
duced DPN molecules are diameric and not enantiomorphic. The pos- 
sibility arises that the enzymatic reaction may be sterically specific in 
the sense that only one of the two possible diamers is formed. Evidence 
for the steric specificity of the reduction was obtained in the following 
experiments. 

In Experiment E, monodeutero reduced DPN was prepared enzymati- 
cally, and was then reoxidized with an excess of acetaldehyde. The re- 
sulting DPN contained no excess deuterium (Experiment E). In this 
reaction, therefore, the enzyme selected the deuterium in preference to the 
hydrogen atom attached to the same carbon atom of the ring. Although 
there can be, and often is, a difference in the rates of cleavage of carbon- 
hydrogen as compared with carbon-deuterium bonds (13-15), the carbon- 


(A) (8) 
Fig. 1. Diamers of monodeutero reduced DPN 


hydrogen bond is cleaved more rapidly (usually 6 times more rapidly) 
than the carbon-deuterium bond. But, in the present instance, a deu- 
terium atom is removed from carbon in preference to a hydrogen atom. 
Clearly the preference for deuterium rather than hydrogen demonstrates 
the stereospecificity of the reaction. The enzyme can promote the ad- 
dition (or withdrawal) of deuterium only on one side of the pyridine (or 
dihydropyridine) ring. 

The stereospecificity is further demonstrated by the results obtained 
in the enzymatic oxidation of monodeuterated chemically reduced DPN. 
The latter would be expected to be a mixture of the diamers, A and B, 
since the relatively remote asymmetric centers (in the ribose residues) 
probably can account, at most, for a partial asymmetric synthesis. After 
enzymatic oxidation of monodeuterated chemically reduced DPN, the DPN 
isolated contained 0.44 atom of deuterium per molecule (Experiment F). 
Since chemically reduced DPN is enzymatically active, it is very unlikely 
that it differs structurally (i. e., in the position of the carbon atom to which 
the deuterium is attached) from enzymatically reduced material. Since, 
however, reoxidation of chemically reduced deuterated DPN gives 0.4 
deuterium atom per molecule, whereas reoxidation of enzymatically re 
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duced material gives none, it is clear that the two samples are different and 
it follows that they must differ sterically. In fact, the chemically reduced 
monodeuterated DPN must contain about 56 per cent of the same diamer 
(eg., diamer A) as that obtained enzymatically, and about 44 per cent 
of the other diamer (e.g., diamer B). 

It is possible that the monodeuteroethanol prepared by the enzymatic 
reduction of acetaldehyde with deutero DPN will consist of only one of the 
two possible enantiomorphs; this matter is now under investigation. 


DISCUSSION 


In their early kinetic studies of yeast alcohol dehydrogenase, Negelein 
and Wulff (16) assumed a combination between the enzyme and its sub- 
strates and measured the apparent dissociation constants of these com- 
pounds. More recently, Theorell and Bonnichsen (17) and Theorell and 
Chance (18) have shown that alcohol dehydrogenase prepared from horse 
liver combines with reduced DPN to form a compound with an absorption 
spectrum different from that of the unbound reduced DPN. Our experi- 
mental results are in accord with, and supplement, the conclusions reached 
by the above authors. On the other hand, our results completely exclude 
all mechanisms (19) which require electronic oxidation-reduction with hy- 
drogen supplied to DPN from the solvent, since the hydrogen atom trans- 
ferred to DPN by enzymatic reduction with ethanol is the same hydrogen 
atom that was removed from the a position of the ethanol molecule. 

These results may be described as a “direct transfer of hydrogen,” a 
phrase which implies that the hydrogen is donated from 1 molecule to the 
other without intermediary transfer to any other group. The possibility 
may be considered that deuterium is transferred from the ethanol to the 
protein itself, and then, in a subsequent step, from the protein to the co- 
enzyme. It is improbable that a sulfhydryl group could serve as such a 
hydrogen donor and acceptor, since deuterium attached as a sulfhydryl 
(S-D) group would almost certainly exchange with the solvent. The func- 
tion of sulfhydryl groups in some other capacity is not excluded, however. 
For example, Theorell and Bonnichsen (17) suggested that sulfhydryl 
groups in liver alcohol dehydrogenase act to bind the coenzyme to the 
protein, and Racker and Krimsky (20) have provided evidence that sulf- 
hydryl groups in glyceraldehyde-3-phosphate dehydrogenase participate 
in the enzyme reaction. Direct hydrogen transfer has not yet been demon- 
strated with either of these two enzymes, but such direct transfer would 
not necessarily be incompatible with the sulfhydryl functions suggested 
above. 

The possibility that the protein should be reduced in such a way as to 
contain non-exchangeable deuterium seems, a priori, highly unlikely. Fur- 
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thermore, such a possibility appears to be ruled out by the experiments of 
Kaplan, Colowick, and Neufeld (21), who found that, with yeast alcohol 
dehydrogenase, ethanol will reduce either DPN or desamino DPN. Yet 
when desamino DPN and reduced DPN were incubated with the enzyme 
in the absence of alcohol, no reduction of desamino DPN by reduced DPN 
took place. 

It seems most probable, therefore, that, in the action of yeast alcohol 
dehydrogenase upon alcohol and DPN, both substrate and coenzyme are 
simultaneously absorbed in adjacent and stereochemically defined positions, 
and that hydrogen is transferred directly from the substrate to the co- 


enzyme. 
SUMMARY 


1. When DPN is equilibrated with CH;CD,OH in the presence of yeast 
alcohol dehydrogenase, the reduced DPN formed contains one non-ex- 
changeable deuterium atom per molecule. 

2. The acetaldehyde formed in the same reaction contains one non- 
exchangeable deuterium atom per molecule. 

3. When DPN is equilibrated with ordinary alcohol in the presence of 
alcohol dehydrogenase and in a medium of pure deuterium oxide, the 
reduced DPN formed contains no excess non-exchangeable deuterium. 

4. When monodeutero reduced DPN, prepared enzymatically, is reoxi- 
dized enzymatically by acetaldehyde, the oxidized DPN formed contains 
no excess deuterium. When monodeutero reduced DPN, prepared chemi- 
cally, is reoxidized enzymatically by acetaldehyde, the oxidized DPN 
formed contains about 0.44 deuterium atom per molecule. 

5. From (1), (2), and (3) it is concluded that, in the enzymatic oxidation- 
reduction, hydrogen is transferred directly from the alcohol to the co- 
enzyme. 

6. From (4), it is concluded that the enzymatic reduction is stereo- 
specific with respect to the reduced position of the dihydropyridine ring. 


The deuterium oxide and the lithium-aluminum deuteride were pur- 
chased on allocation from the Atomic Energy Commission. The funds 
for the purchase of the mass spectrometer used in most of this research 
were supplied by the Atomic Energy Commission under contract No. 
At(11-1)-92. 

The authors are indebted to Dr. Peter Ofner, who helped in the puri- 
fication of DPN, to Dr. H. S. Anker, who assisted with some of the mas 
spectrometric analyses, and to Dr. William Saschek, who made the micro 


analyses for carbon and hydrogen. 
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: of Addendum Pullman, San Pietro, and Colowick have obtained evidence that 
hol DPN is reduced at position 4 of the pyridine ring (private communication from Dr. 
Colowick). This is compatible with the results recently reported by M. E. Pullman 
Yet (22). Although this may necessitate a change in our diagrams, it does not change 
the nature of our argument. 
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THE ENZYMATIC TRANSFER OF HYDROGEN* 
II. THE REACTION CATALYZED BY LACTIC DEHYDROGENASE 


By FRANK A. LOEWUS, PETER OFNER,t HARVEY F. FISHER,{ 
F. H. WESTHEIMER, ann BIRGIT VENNESLAND 
(From the Departments of Biochemistry and Chemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, November 17, 1952) 


A study of the hydrogen transfer catalyzed by yeast alcohol dehydro- 
genase has been described in the preceding paper (1). The present com- 
munication describes an extension of the investigation to lactic dehydro- 
genase of heart muscle. 


Materials 

Lactic Dehydrogenase—Crystalline lactic dehydrogenase was prepared 
from beef heart according to the procedure of Straub (2). A solution of 
the 3 times recrystallized enzyme in 0.05 m phosphate buffer used through- 
out this study was preserved by freezing with no observable loss of ac- 
tivity. Spectrophotometric analysis (3) showed it to contain 0.295 mg. 
of protein per ml. 

Sodium Pyruvate—A recrystallized preparation assayed 100 per cent 
pure when analyzed with yeast carboxylase or by KMnQ, oxidation. 

Phenacyl Bromide Eastman Kodak white label reagent was used with- 
out further purification. 

Diphosphopyridine Nucleotide (DPN )—Cozymase “90” Sigma was used 
to prepare both the chemically and the enzymatically reduced DPN. 


EXPERIMENTAL 


Lithium Lactate—A 40 per cent solution of the sodium salt of Llaetie 
acid, Pfanstiehl, e. p., was acidified, extracted in a Kutscher-Steudel con- 
tinuous ether extractor, concentrated to an ether-free syrup by passing a 
stream of nitrogen over the solution, diluted to twice its volume with 
water, and finally neutralized with a saturated solution of lithium hydrox- 
ide. The salt crystallized upon the addition of ethanol. Recrystalliza- 


* This investigation was supported in part by a research grant No. G-3222 from 
the National Institutes of Health, United States Public Health Service, and by the 
Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 

t Present address, Courtauld Institute of Biochemistry, The Middlesex Hospital, 
Medical School, London, England. 

: Present address, Department of Biochemistry, College of Physicians and Sur- 
geons, Columbia University, New York. 
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tion was effected from a water-alcohol mixture. The salt was dried under 
a vacuum. Hoppe-Seyler and Araki reported la!“ = —11.49° (c = 
11.59 gm. per 100 ml., water) (4). The salt prepared above had laß“ = 
—12.02° ( = 11.16 gm. per 100 ml., water). 

Phenacyl Lactate—The phenacyl derivative of the lithium salt of 1 
lactic acid was prepared as a reference compound by the procedure of 
Rather and Reid (5). Use of a slight excess of lactate in this method 
gave a product which was easily purified by recrystallization from water- 
ethanol; m. p. 87-88°, af“, = —4.99° ( = 10.0 gm. per 100 ml., ethyl 
acetate). The material was also recrystallized by dissolving in benzene, 
boiling off about 10 per cent of the solvent to remove any water as the 
azeotrope, and adding a minimal amount of petroleum ether to induce 
crystallization. The melting point was unchanged. 

Calculated. C 63.4, H 5.77 


Found.! „63.6, 5.98 
63.4, 5.81 


Enzymatic Oxidation of DPN—Both chemically and enzymatically re- 
duced DPN were employed in these studies. The former was prepared 
by reduction of DPN with sodium hydrosulfite in a medium of D. O and 
the latter was prepared by reduction of DPN with CH;CD,OH in the 
presence of alcohol dehydrogenase. The procedures used for preparing 
and analyzing these substances have been described in the preceding paper 
(1). The general procedure for oxidizing reduced DPN was the same 
for both types of reduced coenzyme, and followed closely that of the par- 
ticular experiment outlined below. 

In a typical experiment 49 mg. of reduced deutero DPN (63 per cent 
pure DPND), 0.5 ml. of 0.1 m sodium pyruvate, 1.0 ml. of 0.5 m phosphate 
buffer, pH 7.4, and 0.03 ml. of lactic dehydrogenase solution were incu- 
bated for 1 hour in a total volume of 5.0 ml. of distilled water. At the 
end of this time the reaction was complete, as indicated by the disap- 
pearance of the absorption band at 340 my due to the reduced DPN. It 
was calculated that 50 um of lactate had been formed. The value of 
6.22 X 10% q. em. per mole for the extinction coefficient of reduced DPN 
(6) was used as the basis for this calculation. Since a considerably lower 
value has recently been reported (7), the fact that the former value is cor- 
rect was confirmed by measuring the change in light absorption at 340 
mu, which occurred when an excess of reduced DPN was oxidized with 8 
known amount of pyruvate in the presence of the lactic dehydrogenase. 
The reaction vessel was heated briefly (75 seconds) in a boiling water bath 
and 782 uu of the lithium salt of L-lactic acid were added as a diluent. 


1 Analyses by Dr. William Saschek, Department of Chemistry, University of 
Chicago, Chicago, and the Micro-Tech Laboratories, Skokie, Illinois. 
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Isolation of Phenacyl Lactate—The solution of enzyme, reaction prod- 
ucts, and diluent lactate was acidified with 0.5 ml. of 6 N H, SO. and then 
extracted with redistilled diethyl ether in a Kutscher-Steudel continuous 
extractor for 2 hours. After the addition of 2 ml. of water, the ether 
solution of lactic acid was evaporated with a stream of nitrogen at room 
temperature. The aqueous residue was brought up to pH 6.5 with 
NaHCO; (72 mg.). Then 160 mg. of phenacyl bromide in 3.6 ml. of 
ethanol were added and the solution was refluxed for } hour on a steam 
bath. The reaction mixture was cooled and 6 ml. of water were added. 
Crystallization occurred after several hours of storage at 0°. The product 
(phenacyl lactate, CH;CHOHCO,CH:COC,H;) was recrystallized from 
water-alcohol and dried under a vacuum; m.p. 87°. The yield of the first 
crop of crystals was 50 to 60 mg. The material was recrystallized several 
times, dried thoroughly, and analyzed for deuterium. In one experiment 
the product was recrystallized from benzene-petroleum ether with no 
change in results. 


RESULTS AND DISCUSSION 


Table I contains the results of the experiments. 

When enzymatically reduced deutero DPN was used to convert pyru- 
vate to lactate in the presence of lactic dehydrogenase, 1 atom of deu- 
terium was found in the lactate formed (Table I, Experiments 1 and 2). 
The enzymatically reduced DPN had previously been shown to contain 1 
deuterium atom per molecule, located in only one of the two stereochem- 
ically distinct positions in the reduced nicotinamide ring. It is clear that 
this deuterium atom is transferred to pyruvate to form lactate and that 
the reaction catalyzed by lactic dehydrogenase must be formulated as 
shown in Equation 1. 


CONII. 


cH,cocoo- + Ht + P | = 
N 
R 
(1) 
ONH; 
CH,CDOHCOO- + 

N 

| 

R 


(This result confirms the previous assumption (1) that all of the non-ex- 
changeable deuterium present in the isolated reduced DPN, prepared by 
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enzymatic reduction with 1,1-dideuteroethanol, is actually present in the 
enzymatically active DPN and not in the impurities.) 

Lactic dehydrogenase and alcohol dehydrogenase are clearly analogous 
in at least three different respects. (a) Both enzymes catalyze the re- 
versible oxidation of an alcohol group to a carbonyl group by DPN. Fur- 
thermore, (b) both enzymes cause a direct transfer of hydrogen between 
their substrates, and (c) both enzymes remove or add hydrogen on the 
same side of the nicotinamide ring. 

When chemically reduced monodeutero DPN was used to convert pyru- 
vate to lactate enzymatically, about 0.58 atom of deuterium was found 
per molecule of lactate formed (Table I, Experiments 3 and 4). It was 
shown in the previous paper (1) that this chemically reduced DPN must 
be a mixture of two diamers, differing only in the steric position of the 


Taste 
Deuterium Transfer with Lactic Dehydrogenase 
Experiment No. Reductant stom pet 
1 Enzymatically seduced DPN 1.00 
2 * | 0.95 
3 Chemically * * * | 0.62 
4 146 ce | 0.54 


— — — — — — — — ͤu—m̊— — 


These ſigures represent the averages of — determinations. 


deuterium, possibly on carbon 6 of the reduced nicotinamide ring, and 
that these diamers were present in a ratio of approximately 56:44. This 
conclusion was based upon the fact that chemically reduced DPN, after 
enzymatic reoxidation with acetaldehyde, contained 0.44 atom of deu- 
terium per molecule. The demonstration that lactic dehydrogenase had 
the same steric specificity toward DPN as alcohol dehydrogenase there- 
fore permitted the prediction that 56 per cent of the deuterium in the 
chemically reduced DPN should be transferred enzymatically to pyruvate 
to form lactate. The average value of 58 per cent actually found is in 
good agreement with the predicted value. Since both hydrogen and 
deuterium are transferred to lactate by chemically reduced DPN, the 
question might arise whether isotopic rate discrimination (see the pre- 
vious paper (1)) could affect the numerical value of the results. This 
could not occur in the experiments described in this paper, because all 
the reduced DPN present was completely oxidized. 

Lactic dehydrogenase from muscle shows steric specificity toward lactate 
as well as toward DPN, since the enzyme acts only on the L and not on 
the p form of the lactic acid (3). That crystalline lactic dehydrogenase 
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from beef heart shows the same substrate specificity was confirmed in 
the course of the present investigation. This steric specificity, together 
with the demonstrated direct hydrogen transfer, can be explained most 
readily in terms of a mechanism which involves the binding of both sub- 
strate and coenzyme in adjacent positions at the active site of the protein, 
with such three-dimensional orientation that hydrogen can be transferred 
from (or toward) one side only of the pyridine ring to (or from) the car- 
bonyl carbon atom of pyruvate in only one particular steric position (see 
Fig. 1). (The diagram is not intended to represent absolute configuration 
or to imply a choice between any particular one of the possible spatial 
arrangements of the molecules.) 

The mechanism here outlined is analogous to that discussed in the pre- 
vious paper for alcohol dehydrogenase, and like that mechanism is con- 
sistent with the assumption of an enzyme substrate complex, an assump- 
tion which underlies measurements for enzyme substrate dissociation 


Vi co 


Fic. 1. Hydrogen transfer from DPN to pyruvate 


previous paper (1). 


SUMMARY 


1. When monodeutero reduced DPN, prepared by enzymatic reduction 
with 1, 1-dideuteroethanol, is reoxidized with pyruvate in the presence of 
lactic dehydrogenase, the lactate formed contains 1 atom of deuterium 
per molecule. 

2. When chemically reduced monodeutero-reduced DPN is substituted 
for enzymatically reduced DPN in the above experiment, the lactate 
formed contains 0.58 atom of deuterium per molecule. 

3. The conclusion can be drawn that lactic dehydrogenase catalyzes a 
direct transfer of hydrogen from reduced DPN to pyruvate to form lactate, 
and that this enzyme effects removal of hydrogen from the same side of 
the reduced nicotinamide ring as does yeast alcohol dehydrogenase. 


The deuterium oxide and the lithium-aluminum deuteride were pur- 
chased on allocation from the Atomic Energy Commission. The funds 
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for the purchase of the mass spectrometer used in this research were sup- 
plied by the Atomic Energy Commission under contract No. At(11-1)-92. 


Addendum—Neilands (8) and Chance and Neilands (9) have studied the kinetics 
of the reaction catalyzed by lactic dehydrogenase and have obtained spectrophoto- 
metric evidence for the formation of a lactic dehydrogenase-reduced DPN complex. 
The failure of this complex to be split by p-chloromercuribenzoate and the insensi- 
tivity of lactic dehydrogenase to sulfhydryl inhibitors make it appear unlikely that 
protein-SH groups participate in this enzyme reaction. 
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METABOLISM OF C*-LABELED GLYCEROL AND PYRUVATE BY 
LIVER IN VITRO* 


By CHING-TSENG TENG, MANFRED L. KARNOVSKY, BERNARD 
R. LANDAU, A. BAIRD HASTINGS, ann FRANCES B. NESBETT 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, July 16, 1952) 


In a previous paper (1), the conversion of labeled pyruvate and of 
labeled glucose to glycogen, glucose, and CO: by rat liver slices, in vitro, 
was reported. It is the purpose of the present communication to present 
experiments on the metabolism of labeled glycerol and of labeled pyruvate 
by the same experimental system. The results provide quantitative in- 
formation on the metabolic pathways followed by glycerol and by pyruvate, 
singly and together, thus permitting a comparison of the effect of one bi- 
ologically important carbohydrate intermediate upon the metabolism of 
another. 

The present experiments include measurements of the incorporation of 
labeled carbons from glycerol and pyruvate into lipides, proteins, and 
those phosphorylated intermediates included in the barium-precipitable 
and alcohol-insoluble fractions, as well as into glycogen, glucose, and CO: 

Principal Ot 1 

In view of the complicated nature of the observations to be reported, 
the principal points on which data will be presented are listed below. 

When either glycerol or pyruvate was the only added substrate, data 
were obtained as follows: (1) Glycerol was about as readily metabolized 
by liver as was pyruvate. (2) About 70 per cent of the glycerol appeared 
as glycogen plus glucose compared with 20 per cent conversion of the 
pyruvate to glycogen plus glucose. (3) About 5 per cent of the glycerol 
was metabolized to CO, compared with 16 per cent of the pyruvate. (4) 
About 3 per cent of the glycerol was metabolized to lactate compared with 
15 per cent of the pyruvate. (5) The other fractions studied accounted 
for about 7 to 8 per cent of both the glycerol and the pyruvate. 

When both glycerol and pyruvate were present, the principal effects of 
one on the other were as follows: (1) There was an increase in the amounts 
of both glycerol and of pyruvate metabolized in a given time. (2) The 


* This work was supported in part by the United States Atomic Energy Commis- 
sion, Swift and Company, and the Eugene Higgins Trust through Harvard Uni- 
versity. 
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presence of pyruvate produced no significant change in the metabolic pat- 
tern of glycerol. That is, the percentage of glycerol disappearing which 
was converted to the several fractions studied was essentially the same 
whether pyruvate was present or not. (3) However, the metabolic pattern 
of pyruvate was materially altered by the presence of glycerol in the same 
system. These differences were (a) a smaller percentage of pyruvate was 
converted to glucose, glycogen, and CO,, and (b) a much larger percentage 
of pyruvate was reduced to lactate. 

The details of the experiments leading to these conclusions will now be 


presented. 
EXPERIMENTAL 


All experiments were carried out on liver slices from fasting, normal 
rats, in a medium containing 110 m per liter of potassium and no sodium 
(1). The substrates used were as follows: (a) glycerol-a-C" (40 mu per 
liter), (b) glycerol plus pyruvate (each at 40 m per liter), (e) pyruvate- 
2-C (40 mm per liter). In the experiments of series (b), two flasks were 
used in one experiment; one flask contained labeled glycerol and unlabeled 
pyruvate, and the other, unlabeled glycerol and labeled pyruvate. Meas- 
ured in a proportional flow counter (2), the specific activity of the labeled 
glycerol used was 129,000 or 500,000 c.p.m. per mu, and that of the labeled 
pyruvate, 300,000 or 440,000 c.p.m. per mm. The labeled glycerol was 
prepared by Gidez and Karnovsky according to the procedure described 
by them (3). 

The experimental procedure and the methods for chemical and isotopic 
analyses of liver glycogen and of medium glucose, pyruvate, and CO, were 
those reported previously (1). Incubation of the slices was carried out at 
37° for a period of 90 minutes, unless otherwise specified. 

Lactic Acid Analysis—Lactic acid was determined on an aliquot of the 
medium at the end of the incubation. Its isolation from about 6.5 ml. of 
medium was carried out according to the procedure of Wood, Werkman, 
Hemingway, and Nier (4). Analyses for lactic and pyruvic acids were 
made on the aqueous solution of the ether extract. These results showed 
that the separation of lactic acid from pyruvic acid was incomplete at this 
stage. To the aqueous extract a slight excess of zinc carbonate was added 
to convert the lactic acid to its zine salt, and a weighed amount, usually 
150 to 300 mg., of zinc L-lactate was added as carrier. The zinc lactate 
was recrystallized from water and its specific radioactivity determined. 
An analysis for pyruvic acid on the solution of the twice recrystallized zine 
lactate was performed, and the results showed that the contaminating 
pyruvic acid had been reduced to an amount such that the error in the 
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specific activity of the lactic acid, due to contamination by pyruvic acid, 
did not exceed 10 per cent. 

In addition, it was shown by control experiments that the error in lactic 
acid specific activities due to contamination by radioactive glycerol also 
did not exceed 10 per cent. 

The recrystallized zinc lactate was counted as such. It was also de- 
graded by KMnO, oxidation to CO; (Ci) and acetaldehyde (C: + Ce). 
The CO, was trapped as BaCO, and the CH, CHO as its dimedon compound 
(5). These were plated and counted directly. In four experiments the 
activity of C: of lactate was determined by chromic acid oxidation of the 
zinc lactate to barium acetate and pyrolysis of the barium acetate to 
barium carbonate (6). The BaCO, was counted directly. 

Glycerol Analysis—For the analysis of glycerol, a modification of Reeves’ 
method for mannitol (7) was adopted. An aliquot of deproteinized me- 
dium containing glycerol was treated with periodic acid. The formalde- 
hyde formed was precipitated as the dimedon compound, which was deter- 
mined gravimetrically. Corrections were made for the glucose present in 
the medium and for other formaldehydogenic compounds present. The 
latter correction was obtained from experiments in which pyruvate was in- 
cubated alone with the slices and constituted about 3 per cent of the form- 
aldehyde derived from residual glycerol. Paper chromatography showed 
that no dihydroxyacetone was present in the medium. Radioactivity assay 
was made on the same formal-dimedon preparation, after it had been twice 
recrystallized from aqueous ethanol, and this, after correction for formalde- 
hyde derived from glucose, was found to agree reasonably well with that 
of the original glycerol. 

Glycogen and the phosphorylated intermediates were isolated from the 
liver slices after incubation by the method described by LePage (8). Por- 
tions of the barium-precipitable and alcohol-insoluble fractions were used 
for counting; the rest was dried and weighed. The results were expressed 
as counts per minute per mg. 

The tissue residue left over after the extraction of glycogen and phos- 
phorylated intermediates was washed twice with water, and then extracted 
five to seven times with a 1:1 ethanol-ether mixture. The combined ex- 
tracts were air-dried and the residue taken up in chloroform. A portion 
of this total lipide fraction was assayed for radioactivity; the rest was dried 
and weighed. The fat-free “protein residue” was washed once with ethanol 
and once with water. A weighed portion was counted, and the total weight 
was determined. 

Ninhydrin-labile CO, was determined on an aliquot (3.0 ml.) of depro- 
teinized medium. Acidification and heating rid the solution of inorganic 
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CO, before the ninhydrin reaction was carried out (9). The CO; liberated 
by ninhydrin was determined, collected as BaCO;, and counted. 
Calculation 
The amount of substrate (micromoles per gm. of liver) converted to the 
several metabolic products was calculated from (a) the specific activity of 
the substrate, (b) the specific activity of the metabolic product (e.g. gly- 
cogen), and (c) the amount of metabolic product present per gm. of liver. 
A sample calculation of the amounts of glycerol and of pyruvate con- 
verted to glycogen follows. 
Analytical Data 
1. Specific activity of glycerol = 500,000 c.p.m. per mu glycerol = 
167,000 c.p.m. per mu glycerol C 
2. Specific activity of pyruvate = 438,000 c.p.m. per mu pyruvate = 
146,000 c.p.m. per mu pyruvate C 
3. Specific activity of glycogen (flask contained labeled glycerol) = 
566,000 c.p.m. per ma glucose unit = 94,400 c.p.m. per mu glucose C 
4. Specific activity of glycogen (flask contained labeled pyruvate) = 
168,000 c.p.m. per mu glucose unit = 28,000 c.p.m. per mu glucose C 
5. Amount of glycogen found at end of incubation = 
32.0 um per gm. (expressed as glucose) 
Derived Data 
1. Amount of glycogen arising from labeled glycerol = 
32.0 X (94,400/167,000) = 18.1 um per gm. 
2. Amount of glycerol converted to glycogen = 2 X 18.1 = 36.2 um per gm. 
3. Amount of glycogen arising from labeled pyruvate = 
32.0 X (28,000/146,000) = 6.1 u per gm. 
4. Amount of pyruvate converted to glycogen = 2 X 6.1 = 12.2 um per gm. 


Results have also been expressed as per cent of the utilized substrate 
which was converted to a particular metabolic product (e.g. glycogen) 
during the period of incubation. A sample calculation follows. 

1. Glycerol initially present = 300 um per gm. 

2. Glycerol present at end of incubation = 100 um per gm. 

3. Glycerol utilized during incubation = 200 um per gm. 

4. % utilized glycerol converted to glycogen = (36.2/200) K 100 = 18.1% 

In order to compare the specific activities of glucosazone, pyruvate-2 ,4- 
dinitrophenylhydrazone, and formal-dimedon with BaCO,, the following 
conversion factors were used: glucosazone activities were multiplied by 
1.34 (10), pyruvate-2 ,4-dinitrophenylhydrazone activities by 1.26 (11), 
formal-dimedon activities by 1.04 (3). 

Results 


The experimental results are presented in Table I. It was not practical 
to make all of the observations in all experiments. The number of experi- 
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__ All results expressed in mic 
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ments in which each determination was made is thus specified in Table I. 
A balance sheet of the average percentages of glycerol or of pyruvate 
converted to the several constituents is presented in Table IT. 

Metabolism of Glycerol in Absence of Added Pyrurate From Table II, 
Column 2, it is seen that about 56 per cent of the glycerol disappeared from 
the system during the 90 minutes of incubation and, of the glycerol dis- 
appearing, 87.5 per cent was accounted for. Most of the metabolized gly- 
cerol appeared as glycogen or glucose (71 per cent), and only 16 per cent 
appeared in the other fractions studied. This would imply that, although 
conversion of glycerol to a-glycerophosphate and then to dihydroxyacetone 


Taste II 
Carbon Balance 
Glycerol + pyruvate 
Glycerol® Poyruvate“ 
_Glycerol* Pyruvate® 
(1) (4) (s) 
percent com percent cent 
Substrate used................ 56 ae 95 S6 
16.4 114.5 3.8 8.7 
Z 4.8 5.3 8.6 15.5 
. 3.0 7.7 33.8 15.5 
Phosphorylated intermediates. _ 4.5 3.1 2.2 4.5 
Ninhydrin-labile CO.. 0.6 0.8 2.1 0.9 
Protein residue................ : 2.5 2.9 0.7 1.8 
Unaccounted for........ 1 12.5 14.0 35.3 37.8 
Accounted for................. $87.8 86.0 64.7 62.2 


— 


* Labeled substrate. 


phosphate and phosphoglyceraldehyde readily occurred, the subsequent 
conversions to glucose-6-phosphate and then to glycogen or glucose were 
much more easily achieved than were those concerned with the transforma- 
tion of phosphoglyceraldehyde to pyruvate and then to lactate, COs, ete. 
It is not without interest, however, that glycerol carbons were found to be 
present to some extent in all the several metabolic products studied. 
Metabolism of Glycerol in Presence of Added Pyruvate—When pyruvate 
was also present in the system and was undergoing simultaneous metabolic 
reactions (Table II, Column 3), the glycerol used up was increased from 
56 to 67 per cent. The glycerol accounted for remained about the same, 
86 per cent, and the percentage of glycerol converted to the various meta- 
bolic fractions was not materially altered except in the case of lactate. 
The glycerol transformed to lactate in the absence of pyruvate amounted 
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These observations led to the conclusion that, in the presence of pyru- 
vate, a larger proportion of the glycerol molecules, converted to phospho- 
glyceraldehyde, were further oxidized to pyruvate and were, therefore, 
available for conversion to lactate and the other metabolites of pyruvate. 

Metabolism of Pyruvate in Absence of Glycero When pyruvate was the 
only added substrate present (Table II, Column 5), 86 per cent was utilized 
during 90 minutes of incubation. Of the pyruvate disappearing, 62.2 per 
cent was accounted for. The pattern of metabolism of the pyruvate dif- 
fered materially from that of the glycerol. About 23 per cent was con- 
verted to glycogen plus glucose; about 16 per cent was converted to CO, 
and an equal percentage to lactate. The phosphorylated intermediates 
accounted for 4.5 per cent and the proteins, lipides, and ninhydrin-labile 
CO, for an additional 3.6 per cent. This left about 38 per cent of the 
metabolized pyruvate unaccounted for, an amount which has so far es- 

In general, it may be said that, in the system studied, the pattern of 
metabolism of pyruvate was characterized by approximately equal rates of 
conversion to glucose, CO,, and lactate, and that its conversion to other 
intermediates was at a considerably slower rate. 

Metabolism of Pyruvate in Presence of Added Glycerol—When glycerol 
was also present in the system (Table II, Column 4), the pyruvate used 
up was increased from 86 to 95 per cent, an increase of 9 per cent. There 
was some decrease in the amount of pyruvate converted to glucose plus 
glycogen, but the most striking changes were the marked drop in pyruvate 
converted to CO, and the marked increase in pyruvate converted to lac- 
tate. 

In other words, the metabolic pattern of pyruvate in the presence of 
glycerol was quantitatively very different from that in the absence of 
glycerol; specifically, the per cent of pyruvate converted to CO, decreased 
from 15 to 9 in the presence of glycerol, and, at the same time, the per 
cent converted to lactate increased from 15 to 34 per cent. 

These observations would imply that the simultaneous metabolism of 
glycerol and pyruvate favored the reduction of pyruvate to lactate and 
was less favorable to the oxidation of pyruvate through the citric acid 
eycle to CO, 

Conversion of Pyruvate and of Glycerol to Other Fractions—As shown in 
Tables I and II, the glycerol found in the barium-precipitable and alcohol- 
insoluble fractions (phosphorylated intermediates) amounted to 4.5 per 
cent and was not significantly altered by the presence of pyruvate. Only 
a small fraction of the glycerol carbon was found in the ninhydrin-labile 
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CO,, the total lipides, and the protein residue. These values were not 
significantly altered by the presence of pyruvate except in the case of the 
lipides which showed an increase. 

The pyruvate found in the barium-precipitable and alcohol-insoluble 
fractions was also 4.5 per cent of the pyruvate disappearing. This was 
reduced to 2.2 per cent in the presence of glycerol. The fraction of the 
pyruvate carbons found in the ninhydrin-labile CO,, lipides, and protein 
fractions was small, totaling only 3.6 per cent. In the presence of glycerol, 
there appeared to be an increase in pyruvate carbons incorporated into 
ninhydrin-labile CO, of amino acids, but a decrease in their incorporation 
into proteins. This would imply that glycerol favored the transformation 
of pyruvate to amino acids, but retarded the incorporation of the amino 
acids into the protein structure. 

Sources of Lactate Carbons—Although chemical analysis showed that lac- 
tate production was much greater when both glycerol and pyruvate were 
present than when pyruvate was the only added substrate, identification 
of the sources of the lactate carbons required the degradation of the lactate 
molecule and the determination of the specific activity of the lactate car- 
bons. By using the methods described earlier, the specific activities of 
lactate carbons Ci, C: + C, and in a few experiments of Cs were deter- 
mined. From these data, the per cent of the lactate formed which was 
derived from glycerol or pyruvate molecules could be calculated. The 
data of these experiments are given in Table III and show the following 
points: 

(1) When only pyruvate was present, 89 per cent of the lactate carbons 
had been derived from the labeled pyruvate carbons and 92 per cent of 
these were the result of the reduction of the pyruvate molecules. The 
remaining 8 per cent had been derived from carboxyl-labeled pyruvate. 
Since the pyruvate originally present had been labeled in the carbonyl 
carbon (C:), the carboxyl-labeled pyruvate must have been formed by (a) 
passage of the pyruvate through the tricarboxylic acid cycle with the 
formation of C., and (b) subsequent incorporation of CO, into the 
carboxyl! position of pyruvate (10). 

(2) When both glycerol and pyruvate were present as substrates, 87 per 
cent of the lactate was derived from pyruvate and 13 per cent from glycerol. 
Fewer of the carboxyl carbons of the lactate were derived from carboxyl- 
labeled pyruvate carbons (3 per cent compared with 8 per cent in the 
absence of glycerol). This might have been anticipated from the observa- 
tion, recorded earlier in this paper, that in the presence of glycerol the 
pyruvate converted to CO, is reduced by about one-half. 

It would also appear that very little of the pyruvate had participated in 
the dicarboxylic acid shuttle in view of the fact that 96 per cent of the 
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labeled carbons of the lactate were present in carbon C;. This fact is 
further confirmed by the finding that 97 per cent of the radioactivity was 
in C; + Cy. 


Taste III 
Sources of Lactate Carbons 
Specific activity expressed in counts per minute per micromole of labeled sub- 
strate (pyruvate-2-C" or glycerol-C") initially present, or lactate finally isolated 
and counted as zine lactate. The specific activities of lactate carbons obtained by 
degradation are expressed as per cent of specific activity of zine lactate. 


| Substrate | Lactate carbons a6 per 
Substrates specific | cent of (6) 
activity | activity | 
| o. 
| 
Pyruvate-2- Cie 1 551 469 85 
2 852 300 | 92 $ 92. 
3 | 533 900 8 | 92 
—— — — 
Pyruvate-2-C™ + 1 495 497 100 2 | 97 
glycerol 2 50 493 00 2 98 
3 861 (is 3 | 96 
diyeerol- C. + pyru- 1 552 62.4 11 86 
vate 2 8862 . 1 82 48 
2 12 82 
| 96.1 | 17 


(3) Of the lactate molecules derived from glycerol when pyruvate was 
also present (13 per cent), it was observed that the radioactivity was 
equally distributed between Ci and C. + C.. Since these molecules were 
derived from glycerol labeled in the a-carbon, the specific activities of Ci 
and Ci would necessarily be equal and one would expect little radioactivity 
in C: unless considerable shuttling had occurred. The data of Table III 
show that this was, at most, only a few per cent. This was further con- 
firmed in one experiment in which the specific activity of Cs was deter- 
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Attempts to determine the specific activity of the carbons of lactate 
molecules produced when glycerol alone was present as substrate in the 
system were only qualitatively successful due to the small amount of total 
lactate produced. However, these experiments, although less accurate, 
confirmed the distribution of the radioactivity as being primarily between 
Ci and C, and that the little lactate which was formed was derived pri- 
marily from the glycerol substrate. 


DISCUSSION 


Although there were striking quantitative differences between the meta- 
bolic fates of glycerol and of pyruvate, the data presented led to the con- 
clusion that the metabolism of glycerol by rat liver in vitro corresponded 
qualitatively to that of pyruvate. The first step of glycerol metabolism 
was its phosphorylation, and, as demonstrated by Kalckar (12), required 
adenosinetriphosphate.“ The a-glycerophosphate formed was then oxi- 
dized to triosephosphate by a dehydrogenase which required either DPN 
(13) or cytochrome c (14) as coenzyme. By way of triosephosphate, the 
further metabolism of glycerol (carbohydrate synthesis, oxidation, and in- 
terconversions) merged with that of pyruvate. 

Adler, von Euler, and Hughes (15) have studied the oxidation of a- 
glycerophosphate by the DPN-dependent dehydrogenase system. They 
have shown that, when pyruvate was added to their preparation, it was 
reduced to lactate by the contaminating lactic acid dehydrogenase, which 
was also DPN-dependent. It was concluded that the oxidation of a- 
- glycerophosphate was coupled with the reduction of pyruvate to lactate 
through the agency of DPN or DPNH:2. Our results have provided quan- 
titative evidence of the extent to which such a dismutation occurred in the 
liver slice system in vitro. Fig. 1 is a graphical representation of the 
average data showing the metabolism of 1 um of glycerol (upper half) and 
1 uu of pyruvate (lower half) when these two substrates were present 
singly and together in the system. 

At first thought, one might have expected the increase in reduction of 
pyruvate to lactate to be balanced by an equivalent oxidation of glycerol 
to carbohydrate. This did not occur, although the metabolism of glycerol 
was increased by 19 per cent and that of pyruvate by 11 per cent by the 
other partner in the dual substrate system. 

A consideration of the amount of hydrogen available from the oxidative 
reactions of glycerol through coupling with the DPN-DPNH, system re- 
vealed that, from the identified reactions of glycerol when present alone, 
1.67 microatoms of hydrogen were available per micromole of glycerol 


! Adenosinetriphosphate = ATP, diphosphopyridine nucleotide = DPN, 
adenosinediphosphate = ADP. 
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used. This figure was essentially unchanged (1.64) when pyruvate was 
present. This was greatly in excess of what was required by the reduction 
of pyruvate to lactate even when glycerol was present. The identified 
metabolic reactions of pyruvate would require 0.71 microatoms of hydrogen 
per micromole of pyruvate used when both glycerol and pyruvate were 
present, and 0.27 microatom of hydrogen when pyruvate was the only 
added substrate. (The latter need must have been met either by the 
oxidation of pyruvate to unidentified metabolic products, or by the oxida- 
tion of substrate material present in the liver slices.) At all events, ample 
A COMPARISON OF THE METABOLISM OF GLYCEROL 
AND PYRUVATE, ALONE [L] a TOGETHER U 


- GLYCOGEN GLUCOSE C02 LACTATE 


yM G USED 


yM P USED 


PYRUVA 
+. GLYCOGEN GLUCOSE co: LACTATE 


Fic. I. A comparison of the metabolism of glycerol and pyruvate by rat liver 
in vitro alone and together. Glycerol data are plotted from zero upwards as micro- 
moles per micromole of glycerol (G) used. Pyruvate data are plotted from zero 
downwards as micromoles per micromole of pyruvate () used. 


hydrogen was available from the metabolism of glycerol to meet the needs 
created by the increased reduction of pyruvate to lactate. 
This raised the interesting point that what, at first glance, seemed the 
simple dismutation reaction 
ATP + glycerol — dihydroxyacetone-P + ADP 
DPN = DPNH; 
Lactate — pyruvate 
may actually have been a diversion of the hydrogen of the DPNH, to 
pyruvate instead of an alternate metabolic pathway. The decrease in 
conversion of pyruvate to CO, when both substrates were present also 


indicated that the reduction of pyruvate to lactate took precedence over 
the metabolism of pyruvate via the tricarboxylic acid cycle. 
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The metabolism of glycerol-1-C and pyruvate-2-C" has been studied 
in liver slices from fasting, normal rats. 

About 86 per cent of the glycerol metabolized was accounted for as 
follows: 71 per cent as glycogen and glucose, 5 per cent as CO,, 3 per cent 
as lactate. The barium-precipitable and alcohol-insoluble fractions ac- 
counted for about 5 per cent and the lipides, proteins, and ninhydrin-labile 
CO; accounted for about 4 per cent. 

About 62 per cent of the pyruvate metabolized was accounted for as 
follows: 23 per cent as glycogen and glucose, 16 per cent as CO,, 16 per 
cent as lactate. The barium-precipitable and alcohol-insoluble fractions 
accounted for about 5 per cent and the lipides, proteins, and ninhydrin- 
labile CO, accounted for about 4 per cent. 

When glycerol and pyruvate were present together as substrates, less 
pyruvate was converted to glycogen and CO,, but the pyruvate reduced to 
lactate was doubled. The lactate formed has been degraded and the spe- 
cific activities of the carbons determined. From these data the sources of 
the lactate carbons have been calculated. The significance of these inter- 
related metabolic reactions is discussed in terms of hydrogen transfer from 
glycerol to pyruvate. 
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The value of the technique of paper chromatography of corticosteroids 
(1) is well established in view of its application to the study of these com- 
pounds in tissue (2), blood (3), urine (4), and enzyme preparations (5). 
Recent extensions of this chromatographic system to the separation of 
ketosteroids other than those of the corticosteroid group (6, 7) serve to 
emphasize the broad utility of this new analytical procedure. A recent 
study of the paper chromatography of Cu- and C2,-ketosteroids in ligroin- 
propylene glycol (7) has demonstrated the adequacy of this system for the 
resolution of the ketosteroids of urinary origin. 

The application of this chromatographic method to the study of the 
metabolism of adrenosterone in man is described below. Of eleven indi- 
vidual urinary ketosteroids recognized, six were isolated in quantity and 
their identity confirmed by melting point determination and infra-red anal- 
ysis. 

EXPERIMENTAL 


A 61 year-old male with rheumatoid arthritis was given 100 mg. of ad- 
renosterone' per day (intramuscularly) for 10 consecutive days. Urine 
was collected for 2 days prior to treatment and during the entire period of 
hormone administration. Aliquots of each daily collection were assayed 
for 17-ketosteroids by the Zimmermann reaction; the remainder was stored 
in the cold (—5°) until the study was completed. 

Since it was expected that at least some of the urinary metabolites aris- 
ing from adrenosterone would contain 118-hydroxyl groupings which are 
very readily lost through dehydration (8) in a hot medium, precautions 
were taken to minimize such losses during the hydrolysis and extraction 


* Supported in part by contract No. DA-49-007-MD-184, Medical Research and 
Development Board, Office of the Surgeon General, Department of the Army, and in 
part by the United States Public Health Service, grant No. G-3247 (C1). 

The authors are indebted to Dr. Harry Freeman for the administration of this 
material. 

? Colorimetric determinations were carried out through the courtesy of Dr. Betty 
L. Rubin. 
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of the urine. To this end, the total urine volume (amounting to 2.4 liters 
for the control and 11.0 liters for the study period) was treated with 15 
volumes per cent of concentrated hydrochloric acid and allowed to stand 
at room temperature for a total of 3 weeks. On the 8th, 15th, and 20th 
days, the urines were shaken three times with 0.3 volume of ether, and the 
extracts set aside. The urines were then placed in a continuous ether 
extractor overnight for approximately 16 to 18 hours. All ether extracts 
to this point were combined and washed exhaustively with N NaOH solu- 
tion and yielded a total of 2.8 gm. of neutral solids which assayed 219 mg. 
by the Zimmermann color reaction. This extract was called the “cold 
acid“ extract. The residual urines were then heated to the boiling point 
for 10 minutes; after cooling they were extracted with ether as previously 
described and the neutral fraction prepared. This second extract, called 
the “hot acid” extract, contained 164 mg. by the Zimmermann assay. 
The partial effectiveness of this hydrolytic procedure was revealed in the 
significant quantities of 118-hydroxyandrosterone and etiocholane-3a , 118- 
diol-17-one isolated (Table II). Subsequent studies have shown that hy- 
drolysis at room temperature may be effectively replaced by a 24 hour 
continuous extraction with ether at pH 1.0. 

The entire cold acid extract and one-half of the hot acid extract (the 
remainder was accidentally lost) were combined and subjected to fractiona- 
tion by means of Girard’s Reagent T (9). The resulting ketonic fraction 
weighed 0.7 gm. and the non-ketonic fraction weighed 1.6 gm. 

The neutral ketonic fraction was dissolved in 20 ml. of benzene and trans- 
ferred to a column consisting of 42 gm. of silica gel (Davison). The column 
was eluted successively with 550 ml. of benzene, 650 ml. of benzene-ethyl 
acetate 9:1, 100 ml. of benzene-ethyl acetate 4:1, 610 ml. of benzene-ethyl 
acetate 2:1, 200 ml. of benzene-ethyl acetate 1:4, 50 ml. of ethyl acetate, 
and 400 ml. of methanol. A total of forty-six fractions was collected. 
Three crops of crude semicrystalline material were obtained; one from the 
late benzene eluates, a second from the middle benzene-ethyl acetate 9:1 
eluates (Fractions 16 to 18); and a crop from the middle benzene-ethyl 
acetate 2:1 eluates (Fractions 30 to 35). The weights of all the fractions 
are recorded in Table I. 

Individual fractions from the silica gel column were examined by means 
of paper chromatography in ligroin-propylene glycol system (7). 0.4 mg. 
of each fraction was placed on 1 cm. strips and chromatographed for pe- 
riods of 3, 24, and 70 hours. The completed chromatogram strips, after 
drying, were exposed to the Zimmermann reagent (7) and the positive 
colored zones marked off in pencil. Altogether eleven Zimmermann-posi- 
tive (Steroids I to XI, Table I) steroid zones were visualized, and one 
further steroid (VIc) of low mobility gave a positive reducing reaction with 
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silver diamine characteristic of an a-ketol side chain. Table I gives the 
distribution of these steroids through the various fractions from the silica 
gel column. 

Mixed Paper Chromatography—lIn an attempt to characterize some of the 
eleven ketosteroids present in the fractions from the silica gel column, 
several of these fractions were again run on paper strips alone and with 
added known steroids. In such mixed chromatograms, coincidence of the 
added known steroid with one of the unknown constituted presumptive 
evidence for the identity of the unknown (2). 

Fig. 1 (Strips 1 to 5) shows the chromatographic separation and mixed 
chromatography of individual ketosteroids from Fractions 38 and 39. 
Strips 3 and 5 constitute the mixed chromatograms and show the coinci- 
dence of 11-ketoandrosterone with Steroid VII and 118-hydroxyandroster- 
one with Steroid IX. The displacement effect on the added adrenosterone 
in Strip 5, discussed elsewhere (7), is particularly pronounced. Similarly 
mixed chromatograms were carried out in regard to the compounds present 
in Fraction 17 in which Steroids IV and V were found to coincide with 
androsterone and etiocholanolone respectively. In this instance, because 
of the likely occurrence of A®“")-androsten-3a-ol-17-one and A*“-etiocho- 
len-3a-ol-17-one in the extracts and the prior knowledge that the unsatu- 
rated steroids are not separated chromatographically from their saturated 
analogues in ligroin-propylene glycol (7), definite recognition could not be 
made. Further chromatograms were carried out on other fractions and 
measurement of the relative mobilities ( 7) (7) was made (Table I). 

Isolation—Paper chromatographic examination of Fractions 1 to 15 of 
the silica gel chromatograms (Table I) indicated that these early fractions 
consisted mainly of steroid artifacts resulting from the side reactions which 
accompany acid hydrolysis of 3-hydroxy steroid conjugates, and which, 
although diminished, were not entirely prevented by the extraction pro- 
cedures. These fractions were not further studied. The remaining frac- 
tions were treated in the following way. The total fraction was dissolved 
in a minimal volume of methanol and applied to a sheet of filter paper 
(impregnated with propylene glycol-methanolic solution, 1:1). The width 
of the paper sheet was varied with the weight of the steroid mixture to be 
chromatographed so that it was customary to apply 2 mg. per cm. along 
the starting line of the chromatogram. The chromatograms were run with 
ligroin as the mobile phase for varying times required by the constituent 


steroids (7) present in each fraction, which had previously been ascertained 


by the earlier paper strip chromatograms in the same solvent system. 
After completion of the chromatography, the papers were removed from 
the chambers and hung in a current of air to dry. Narrow strips were 
cut from each sheet and exposed to the Zimmermann reagent. The steroid 
zones were then cut out and eluted with methanol. This procedure, while 
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permitting easy access to the major steroid components of each mixture, 
had the disadvantage of so spreading the trace constituents over a rela- 
tively wide area of paper that they were diluted beyond the minimal con- 


Mixed Preparative 
5 


4 
— 


BPTRESRESSR 8 


40 


Ligroin Prop Glycol 95 hrs. ; 
Fic. 1. Chromatography in ligroin-propylene glycol. Strip 1, 200 Y of Fraction 
38-39; Strip 2, 50 y each of 118-hydroxyandrosterone and adrenosterone; Strip 3, . 
mixed chromatogram of Fraction 38-39 (200 ) and 118-hydroxyandrosterone and . 
adrenosterone (each 50 y); Strip 4, 50 y of 11-ketoandrosterone; Strip 5, mixed chro- 
matogram of Fraction 38-39 and 11-ketoandrosterone. Preparative chromatogram 
of Fraction 38-39 (10 mg.) showing steroid zones located by means of test strips. 


The stippled area denotes fluorescent material; dark areas visualized by the Zim- 
mermann reagent. 


centration necessary for visualization by the Zimmermann reagent. Thus 

in Fractions 16 to 26, Steroids VIa, VIb, and VIe, despite their appearance J 

in the preliminary strip chromatograms (Table I), failed to appear in the f 

large scale chromatograms of these fractions. N 
The methanol eluates were evaporated to dryness and the residues dis- 
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solved in ether and the solution shaken with water to remove propylene 
glycol (from the paper). A more satisfactory method developed late in 
this study by one of us (S. B.) consisted of visualizing the steroids (Zim- 
mermann reaction) as soon as possible after chromatography when the 
paper was only partially dry. The steroid zones were eluted with meth- 
anol overnight and the eluates evaporated. The propylene glycol was 
removed from the residue by repeated evaporation of small volumes of 
added benzene until the residues became crystalline.’ 

A®“)).4 ndrosten-3a-ol-17-one—Fractions 16, 17, and 18 of the silica gel 
column (Table I) were chromatographed separately in the ligroin-propylene 
glycol system on filter paper sheets (15 cm. wide) for 20 hours. In the 
three chromatograms, there was one principal 17-ketosteroid zone (IV, 
Rr 1.0). The areas containing this steroid were eluted separately and 
weighed 6.4, 8.2, and 8.7 mg. respectively. Mixed chromatography of the 
three substances revealed all to have the same mobility, identical with 
that of androsterone. Separate recrystallization of each from aqueous 
methanol yielded crystalline material weighing, respectively, 2.7 mg. (m. p. 
183-184°),* 3.6 mg. (m. p. 177-179°), and 3.5 mg. (m. p. 186-187; the last 
on admixture with androsterone (m. p. 184-185 melted at 175. Infra- 


red absorption spectra of all three compounds were identical with that of 


A®“)-androsten-3a-ol-17-one. Steroids III and V, in minor concentrations, 
present in the chromatogram of Fraction 16, and Steroid V in Fraction 17 
were not eluted. 

19-20, 21-22, and 23-24, weighing 
10, 8, and 10 mg., respectively, were chromatographed separately on filter 
paper sheets 4 em. in width in the ligroin-propylene glycol system for 25 
hours, and the steroid zones located by means of the Zimmermann reagent. 
Fractions 19-20 and 21-22 contained three separate zones. The fastest 
moving of these (IV, /e 1.00) was eluted from the chromatogram of Fraec- 
tion 19-20, where it was the most prominent, and weighed 4.2 mg.; on 
recrystallization it was found to be A*"”-androsten-3a-ol-17-one by means 
of its infra-red absorption spectrum. The adjacent steroid areas (Steroid 
V, Rr 0.60 to 0.70) of both chromatograms were eluted and combined. 

Fraction 23-24 contained primarily Steroid V (Nr 0.70) and two minor 
steroid areas (Rr 0.45 and 0.30). The main zone (Steroid V) was eluted 
and combined with the eluates from the two above chromatograms to yield 
9.8 mg. of an oily material. Recrystallization from acetone-ether gave 
3.7 mg. (m. p. 159-162°). The infra-red absorption spectrum was identical 
with that of A®“")-etiocholen-3a-ol-17-one (10). 


This procedure effectively reduced the amount of contaminants which arise from 
decomposition of the filter paper on prolonged exposure to light and air. 

All melting points were determined on a Fisher-Johns melting point apparatus 
and are uncorrected. 


| 
t 
(s 
( 

pi 
of 
an 
of 
tic 
an 
i 02 
ma 
17. 
cho 
tru 
30 t 
mol 
com 
mat 
glye 
to 4 
of | 
i Chri 
less 
pon 
agree 
E. 
prep: 
rial 
petre 
who: 
Th 


from 


\ratus 


SAVARD, BURSTEIN, ROSENKRANTZ, AND DORFMAN 723 


118-Hydrozyandrosterone—In all paper chromatograms of Fractions 30 
to 46, Steroid IX was always associated with a white fluorescing material 
(seen only in the urine of this patient) which was located at the “trailing 
edge“ of the zone of Steroid IX showing a positive Zimmermann reaction 
(Fig. 1). Since mixed chromatograms had served to characterize Steroid 
IX as 118-hydroxyandrosterone (Fig. I), it was a simple procedure to 
localize this compound in any chromatogram by virtue of its associated 
pigment. 

Fractions 30 to 35 were individually chromatographed on several sheets 
of filter paper 15 cm. wide in ligroin-propylene glycol for 70 hours. 

The zones of Steroid IX (Rr 0.10) were cut from the chromatograms 
and the eluates combined to yield 56 mg. having a Zimmermann color 
value equivalent to 35 mg. Recrystallization from benzene gave 28.8 mg. 
of crystals (m. p. 195-199°) whose infra-red absorption spectrum was iden- 
tical to that of 118-hydroxyandrosterone (10). 

Etiocholan-3a-ol-11 ,17-dione—The preparative paper chromatograms of 
Fractions 30 to 35, described above, contained in addition to 118-hydroxy- 
androsterone other steroid zones (Table I). The zone of Steroid VIII (Rr 
0.23 to 0.28, due to displacement chromatographic effects (7)) located im- 
mediately ahead of 11-hydroxyandrosterone was removed from the chro- 
matograms, and the eluates were combined to give 10 mg. of crystalline 
17-ketosteroid. Reerystallization from acetone yielded 3 mg. of etio- 
cholan-3a-ol-11, 17-dione, m. p. 185-187°, whose infra-red absorption spec- 
trum agreed with the published spectrum (10). 

11-Ketoandrosterone—The above preparative chromatograms (Fractions 
30 to 35) contained a third Zimmermann-positive area (Steroid VII) of the 
mobility of 11-ketoandrosterone (Rr 0.30). These areas were eluted and 
combined with the eluates of Steroid VII from the large scale paper chro- 
matography of Fractions 36 to 46 (also carried out in ligroin-propylene 
glycol for 96 hours). The total weight of Steroid VII from Fractions 30 
to 46 was 13.1 mg., with a Zimmermann color value equivalent to 4.9 mg. 
of 17-ketosteroid. Attempts to purify this material were unsuccessful. 
Chromatography on a column of silica gel (Davison, 1.0 gm.) provided 
less than 1 mg. in the benzene-ethyl acetate (2:1) eluates whose melting 
point could not be determined, but whose infra-red absorption spectrum 
agreed with that of 11-ketoandrosterone (10). 

Etiocholane-3a , 118-diol-17-one—The areas of Steroid X (er 0.05) in the 
preparative chromatograms of Fractions 36 to 46 yielded 8.2 mg. of mate- 
rial with a Zimmermann color value of 4.0 mg. Recrystallization from 
petroleum ether-acetone mixtures yielded 2 mg. of crystals (m.p. 228-233°) 
whose identity as etiocholane-3a, 118-diol-17-one was determined by the 
infra-red absorption spectrum (10). 

The amounts of ketosteroids isolated are presented in Table II, together 
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with the calculated percentage converted from the administered adrenos- 
terone. Because of losses incurred by the various color tests, exploratory 
chromatograms, etc., the yields are based on a corrected amount (750 mg.) 
of administered adrenosterone without, however, correction for the loss of 
half of the “hot hydrolysis” fraction (see Experimental“). 


II 
Metabolites of Adrenosterone (750 Mg.) 
Compound cont conversion 
me. 

118-Hydroxyandrosterone 28.8 5.7 
e be 11.6 : 
Etiocholane-3a,118-diol-17-one 2.0 0.8 
II-Ketoandrosterone 4.97 0.7 
Etiocholan-3a-ol-11, 17-dion e 3.0 0.4 


g * Colorimetric value on non-crystalline fraction. 


DISCUSSION 

Table II summarizes the metabolic products resulting from administered 
adrenosterone. The principal metabolite was 113-hydroxyandrosterone, 
isolated in crystalline form and as its dehydration product A®“)-androsten- 
3a-ol-17-one; the total represented a yield of at least 5.7 per cent of the 
administered compound. Etiocholane-3a,118-diol-17-one was found as 
such and as A*“")-etiocholen-3a-ol-17-one in amounts equivalent to 0.8 per 
cent. The ratio of these two C-5 epimers suggests the possibility that the 
11-oxygen function has a certain directional effect on the reduction of the 
4,5-unsaturated bond of the steroid nucleus, since metabolism in vivo of 
A‘-androstene-3 ,17-dione (11) and of deutero-labeled A‘-androstene-3 , 17- 
dione (12) gave rise to androsterone and etiocholan-3a-ol-17-one in essen- 
tially a ratio of 1:1. The question whether the oxygen at position 11 
exerts this effect as the keto or the hydroxyl function is not answered by a 
consideration of the ratio of the amounts of 11-ketoandrosterone and etio- 
cholan-3a-ol-11 ,17-dione isolated in the present study. 

The finding of 118-hydroxyandrosterone and etiocholane-3a , 118-diol-17- 
one as metabolites of adrenosterone clearly indicates the biological redue- 
tion of the 11-keto function to the 118-hydroxy group. This is in keeping 
with the isolation from urine of traces of 17-hydroxycorticosterone (13) and 
of etiocholane-3a, 118-diol-17-one (14) following the administration of cor- 
tisone to normal men. 

There appears to be no indication that adrenosterone gives rise to II- 
desoxy steroid (ring C-saturated) such as androsterone or etiocholan-3a-ol- 
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17-one. The significant absence of these two ketosteroids (a trace of andros- 
terone, as a minor impurity of a sample of A®“)-androsten-3a-ol-17-one, 
was deduced from the infra-red absorption spectrum of the latter sample) 
strongly suggests that their endogenous production had been suppressed. 
The isolation of the A*“”)-unsaturated 17-ketosteroids was not unexpected, 
since the urines were treated with hydrochloric acid and heat (8). 


118-Hydroxyandrosterone, 11-ketoandrosterone, etiocholane-30, 118 
diol-17-one, and etiocholan-3a-ol-11,17-dione have been found in urine 
resulting from the metabolism of adrenosterone in vivo. These results 
clearly demonstrate the reduction in vivo of the steroid 11-keto group to 
the 118-hydroxy group. By a consideration of the relative quantities of 
the metabolic products isolated, it would appear that the II- oxygen func- 
tion favors the reduction of the 4,5 unsaturation (of steroid ring A) to the 
C-5 trans (androstane) configuration. 

Employment in this study of paper chromatography for the isolation in 
quantity of the urinary 17-ketosteroids and their partial identification 
demonstrates the usefulness and convenience of this new technique in the 
study of this class of ketosteroids. 
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PROTEINS IN MULTIPLE MYELOMA 
I. PHYSICOCHEMICAL STUDY OF SERUM PROTEINS* 


Br FRANK W. PUTNAM axon BERNARD UDINt 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, May 26, 1952) 


Multiple myeloma, a tumor of the bone marrow, is frequently associated 
with change in the nature and amount of the serum proteins and is some- 
times accompanied by the excretion of a characteristic urinary protein. 
Most patients have an elevated globulin, and about 65 per cent are hyper- 
proteinemic (1). The increase in serum globulin is nearly always confined 
to one fraction (MM protein') which appears homogeneous, but the electro- 
phoretic mobility of the MM component varies from case to case (2-4). 
The urinary protein (Bence-Jones protein)' is identified by unusual heat- 
coagulation properties and may be a homogeneous substance. However, 
it is not identical in different cases since the isoelectric point, and possibly 
also the molecular weight (4-7), varies. Despite this variability in the 
nature of the proteins, multiple myeloma is the unique instance of a tumor 
in which the qualitative and quantitative distribution of serum proteins 
and the nature of the urinary protein are virtually pathognomonic of the 
disease. The frequent hyperproteinemia, the appearance of anomalous 
serum proteins, and the excretion of unusual urinary proteins are all symp- 
toms which indicate a disturbance of normal protein synthesis. The ob- 
ject of this series of investigations was to study this apparent metabolic 
derangement by use of the physicochemical methods of protein chemistry 
and by the isotopic tracer technique. 

A number of electrophoretic surveys of multiple myeloma sera have been 
correlated with clinical findings (3, 4, 8). The interrelationships of the 
MM proteins and normal globulins have not yet been clearly defined by 
physicochemical methods. This paper presents quantitative studies of the 


* Aided in part by research grants from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, and the Dr. Wallace C. 
and Clara A. Abbott Memorial Fund of the University of Chicago. 

t Present address, Department of Surgery, The Presbyterian Hospital of Chicago, 
Chicago, Illinois. 

For brevity the serum protein increment will be designated MM protein” 
without implying that it is identical in different cases or that it is unrelated to normal 
serum proteins. Similarly, “BJ protein“ signifies a nearly homogeneous urinary 
protein with the classical heat-coagulation properties but does not imply physico- 
chemical identity. 
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electrophoretic homogeneity and mobility, and the sedimentation proper- 
ties of the isolated MM proteins. Later papers will describe the physical 
characterization of the BJ proteins and will consider the rate of protein 
synthesis as revealed by the incorporation of dietary isotopic glycine into 
the serum and urinary proteins (9). 

Methods and Procedures 

Electrophoretic Analysis—Sera were diluted to 2 per cent protein with 
Veronal buffer, pH 8.6, ionic strength 0.1, and were dialyzed till equili- 
brated. Electrophoresis was carried out with the Klett or the Pearson 
apparatus with use of the Longsworth scanning method. Mobilities were 
calculated from the apparent centroidal ordinate of the descending bounda- 
ries and are corrected to 0°. They are expressed in units of 10 em. 
sec. 1 volt-' designated u. The percentage distribution was obtained by 
planimetry of the ascending and descending patterns and by averaging the 
values. All concentrations given were estimated refractometrically but 
checked well with Kjeldahl N determinations on the sera. The relative 
concentration of the MM peak sometimes had to be estimated by difference 
by use of the optical constants of the apparatus. 

The electrophoretic mobility curves of purified MM proteins were in- 
vestigated at a concentration of 0.6 per cent. Univalent buffers of ionic 
strength 0.1 were made up according to Alberty (10) in order to compare 
the mobility data with his results for purified normal serum 7-globulins. 

Isolation of Proteins—The MM protein was usually isolated by electro- 
phoretic separation at pH 8.6. For a y type protein, the product was 
about 95 per cent homogeneous in electrophoresis and ultracentrifugation. 
Even a 8 type protein was only slightly contaminated, because in this cir- 
cumstance 7-globulin is usually a negligible electrophoretic component of 
the whole serum. However, some purified 8 type MM proteins, though 
electrophoretically monodisperse, contain two or more sedimenting com- 
ponents. 

In one instance the MM protein was a cryoglobulin, i. e. a globulin pre- 
cipitated by cooling a concentrated solution but dissolved by warming to 
room temperature. Advantage was taken of this property for the purifi- 
cation of this protein. However, at the dilutions employed, the cryoglobu- 
lin could be studied in electrophoresis at 1°. Salt fractionation was used 
to separate the MM protein in one case and isoelectric precipitation in 
another. 

Ultracentrifugal Analysis—The Spinco analytical ultracentrifuge model 
E described elsewhere (11) was used at room temperature with a rotor 
speed of 59,780 r.p.m. Since the chief error in determining the sedimenta- 
tion constant may involve the correction for temperature (12, 13), atten- 
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tion was given to this factor.“ Refrigeration was routinely used, and the 
mean of the initial and the final temperatures was taken. This figure 
averaged 1.3° higher than the initial temperature. All sedimentation con- 
stants given are corrected to a water basis at 20° (% and are expressed 
as Svedberg units of sedimentation, 8 = 10-" cm. per sec. per unit field 
of force. These constants were measured with the aid of a comparator 
and by the use of the interference fringes (11). 

For ultracentrifugal analysis of whole sera, the samples were diluted to 
3 per cent protein and dialyzed against 1 m NaCl. The isolated MM pro- 
teins were studied in the buffer at pH 8.6 except when % was determined 
as a function of protein concentration, in which case a buffer at pH 5.5 
was employed (10). 

Diffusion Constants—Diffusion constants were determined in the electro- 
phoresis cell at 1° with photographic recording by the scanning method 
over a period of at least 4 days. The values were calculated by the maxi- 
mal ordinate area method (15) from enlarged tracings of each photograph. 
The constants are corrected to a water basis at 20° (Dw) and are expressed 
in units of 107 cm.’ sec.. 


RESULTS AND DISCUSSION 
Analysis of Sera 

Electrophoretic Analysis of Sera—The results of electrophoretic analysis 
of twenty-five multiple myeloma sera are presented in Table I, which con- 
tains the mobilities of the proteins in twenty sera with MM components, 
and in Table II which gives the distribution of the proteins in the sera.“ ¢ 
For comparison, average values for normal sera are given (16). Repre- 
sentative electrophoretic patterns are presented in Fig. 1. The case num- 
bers are assigned on the basis of increasing mobility of the MM protein. 

The mobility data of Table I indicate that the MM proteins constitute 


The uncertainty of the true temperature within the cell rotating at 60,000 r.p.m. 
in @ vacuum attaches to all published sedimentation constant data. The recent 
report (14) that the rotor cools on acceleration is contrary to previous findings (11). 
In our work, no constant correction factor could be found which adjusted for the 
difference in free“ and “fixed” thermocouples, whether refrigeration was employed 
or not. Statistical analysis has revealed a standard error of 1 per cent in the meas- 
urement of the sedimentation constant with the Spinco machine in different labora- 
tories (12, 13). The consensus is that the error due to temperature measurement 
does not exceed 1 per cent. 

*Sera from these patients were kindly supplied chiefly by Dr. Charles Huggins 
and Dr. Matthew Block of the University of Chicago Clinics. 

‘In cooperation with Dr. 8. O. Schwartz of Cook County Hospital, Chicago, 
Illinois, another fifteen sera have been studied in an attempt to correlate electro- 
phoret ie analysis, ultracentrifuge data, and clinical findings. 
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a family of proteins of gradually varying ionic structure rather than a few 
discrete substances, as might be suggested by the patterns of Fig. 1. The 
almost continuous frequency distribution of our cases is illustrated by the 


Taste I 
Mobilities of Multiple Myeloma Serum Proteins* 
All the mobilities are given in units of 10 “ em. sec. I volt !. 


Globulins 
Case No. Albumin 
| a a | 8 7 
1 6.9 4.9 3.7 3.0 0.64 
2 5.9 5.0 3.7 | 3.0 1.1 | 0.66 
3 6.1 5.2 4.0 3.1 1.8 0.71 
4 6.0 5.3 3.8 3.0 0.7 
5a 6.0 5.1 3.9 3.3 0.94 
5b 6.0 5.1 3.7 3.1 1.0 
6 6.5 5.5 3.9 1.1 
7 6.0 4.8 3.8 2.9 1.1 
du 6.0 5.1 3.9 3.0 1.2 
8b 6.0 5.2 4.0 3.1 1.2 
9 5.9 4.6 3.8 2.7 1.2 
10 6.1 5.0 3.9 2.8 1.3 
lla 6.1 5.2 4.0 3.1 1.4 
lib 6.1 5.2 4.0 3.1 1.5 
12 6.0 5.2 4.0 3.4 1.4 
13 6.0 4.9 4.0 3.0 1.5 
14 6.0 5.0 3.9 3.2 18 1.1 
13a 6.1 5.2 4.0 3.1 4.0 
155 5.9 5.0 3.8 3.1 13 | 
16 6.8 5.0 3.8 3.0 24 1.3 
17 5.9 4.9 3.9 2.5 1.5 
18 6.0 4.9 3.8 2.6 1. 
19 5.9 5.0 3.8 2.6 1.5 
20 6.0 5.2 3.4 | 
Normal 6.1 & 0.1 5.0 & 0.13.9 & 0.1 3.0 & 0.1 1.25 4K 0.1 
serat | 


. In Veronal buffer, pH 8.6, at 0°. The bold-faced values refer to the MM pro- 
tein. 

t Average value and standard deviation of the mobilities of components of thir- 
teen normal human sera, taken from Cooper et al. (16). 


solid rectangles of the histogram of Fig. 2. Except for the work of Rundles 
et al. (4) undertaken concurrently with this investigation, mobility data 
are meager for multiple myeloma proteins in the buffer at pH 8.6 now in 
common use for human serum.“ However, all the available data have 


Previous electrophoretic study of multiple myeloma sera either has been re- 
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Taste II 
Electrophoretic Distribution of Proteins of Multiple Myeloma Sera* 
No. Albumin | i 
Case 
| a ay 8 7 3 i 
| per cont | per cent cont 2 2 — 
1 4.3 0.8 8 1.0 314. 
2 2.3 0.3 3 5 1.0 1/12. 
3 1.8 0.3 1.0 11.0 02 1.66. 
ba 2.8 0.3 5 0.9 6.5 11.10 57 
3b 2.6 0.3 0.8 3 71 1. 
Se 2.9 0.3 4 7 12.7 17.0 2 
8d 2.7 3 2 9 9.6 13. 
Se 2.6 2 2 6 9.6 13.4 
6 1.7 3 4 6 9.8 12.7 
7 4.0 0.4 8 4 3.5 9. 
8a 2.9 4 1.1 8 6.8 11.9) 37 
sb 2.4 ns 3 5 8.3 11. 
9 2.8 6 8 7 6.8 10. 
10 5.0 0.4 1.0 1.3 2.3 10. 
ua 2.4 4 8 9 3.3 7.9| 18 
lib 1.9 A 5 6 4.5 8. 
12 2.1 6 5 6 0 13.7 
3 3.3 0.6 6 6 5.9 11.1 
1 2.2 7 9 1.1 2.8 0.2 8. 
la 8.3 4 8 8 8 10.4 6 
bb 2.1 4 7 8 5.4 9. 
16 3.2 4 8 1.3 4.4 0.3 9. 
7 6.1 2 1.5 6 0.1 9. 
W 3.0 4 8 4.9 0.4 9. 
19 2.2 2 5 6 0.5 11. 
0 3.2 4 7 0.4 11.7 
2 4.2 6 1.0 1.0 0.6 7.3 
22 3.3 4 0.8 1.2 0.6 6. 
23 4.4 4 1.0 1.2 1.0 7.9 
4 3.1 7 1.1 1.3 0.8 7.0 
2% 3.0 7 1.4 1.4 0.3 6.8 
Normal 4.3 + 0.20.25 + 0.10.640.1 0.9401 1.1 4 0.2 72 
erat | 


— 


* In Veronal buffer, pH 8.6. The bold - faced values refer to the MM protein. 
t Adrenocorticotropic hormone. 
: Average value and standard deviation of the per cent component distribution 
in the ascending patterns of thirteen normal human sera, calculated from data of 


Cooper et al. (16). 
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been plotted in a frequeney distribution diagram in Fig. 2, which ineludes 
unpublished data received from Dr. Henry Kunkel“ and additional values 
from our laboratory. Although the preponderant grouping of MM pro- 
teins appears in the mobility range of the components of normal y-globulin, 
this protein was virtually absent in some sera. Moreover, the molecular 
and electrical homogeneity of the isolated proteins was striking compared 
to that of normal y-globulin. 

Table II gives the protein distribution of these sera expressed in terms of 


Fic. 1. Representative electrophoretic patterns of multiple myeloma sera in 
Veronal buffer, pH 8.6. The numbers refer to cases listed in Tables I and II. As- 
cending boundaries on the left; descending on the right. A schlieren photograph of 
the starting boundary is superimposed on the patterns. 


actual concentration rather than in per cent. When reported in this man- 
ner, there is much less difference in the albumin, a; and a: concentrations, 
although to be sure the albumin is below normal in most instances. The 
striking difference is in the greatly increased concentration of the abnormal 
component which usually is a y type protein, but in a few instances is of 
the 8 type. Only a few patients (Cases 21 to 24) failed to exhibit this 
symptom, and these all excreted BJ proteins. Case 25 had an unusual 

eryoglobulin. No significant information on the rate of accumulation of 


6 8.0 (1, 2, 17) or consists of extensive 
surveys which do not list mobilities (3, 8). 

* Personal communication from Dr. Henry Kunkel of the Hospital of The Rocke- 
feller Institute for Medical Research. 
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the MM protein was gained by electrophoretic study before and after blood 
transfusion in Case 5. 

Ultracentrifugal Study of Sera—Although significant differences in the 
sedimentation diagram can be demonstrated for multiple myeloma sera, as 
shown in Fig. 3, B and C, the interpretation is obscured by the lipoprotein 
effect described by Gofman ef al. (18) and illustrated for normal human 
serum in Fig. 3, A. Thus the globulins are poorly resolved in Fig. 3, A. 
They appear as a major sharp peak in Fig. 3, B (Case 1), and in Fig. 3, C 
(Case 17) there is a major new component with a higher sedimentation rate. 
Although the latter protein had an electrical mobility similar to that of 


C3 ® 

[3 RUNOLES et al (4) 

PUTNAM ond SCHWARTZ 
THIS PAPER 


E 


NUMBER OF CASES 


0.5 1.0 1.5 2.0 2.5 3.0 3.5 
MOBILITY OF MM PROTEIN 
(16° cm? voli’ sec’) 
Fie. 2. Frequeney distribution of the mobility of MM _ proteins in 69 sera. The 
data of the histogram were compiled from the sourees indicated in the legend. 


8-globulins (Fig. 1), it is not a typical lipoprotein because of its rapid 
sedimentation at a density of 1.04 (1 Mm NaCl). Moreover, 3-lipoprotein 
appeared to be abnormally low upon flotation analysis of a similar serum 
in which the 8 type MM component comprised 60 per cent of the total by 
electrophoretic analysis’ Although the lipoprotein effeet is normal or di- 
minished in this study, Lewis ef al. (19) report considerable variation of 
the x.» of the components of myeloma sera examined in 0.9 per cent NaCl 
in the ultracentrifuge. 


Electrophoretic Analysis of Isolated MM Proteins 


Heterogeneity Constant— The most characteristic feature of the MM peaks 
is the sharpness indicative of electrical homogeneity. Since the patterns 


Flotation patterns in KBr-NaCl solution of density 1.21 were kindly made for us 
by Dr. Richard Jones. 
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Fic. 3. Representative ultracentrifuge diagrams of multiple myeloma sera and 
of the isolated proteins. Sedimentation proceeds to the right with all photographs 
taken at 16 minute intervals. A, normal serum; B, serum of Case 1; C, serum of 
Case 17; D, electrophoretically isolated g type globulin from Case 17; E. purified 
eryoglobulin of Case 5; F., eleetrophoretically isolated y type globulin of Case 4; 
and G, normal pooled y-globulin obtained by alcohol fractionation. 
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might result from an artifact due to high viscosity, etc., it was decided to 
measure the heterogeneity constant by the reversible boundary-spreading 
method of Alberty (10, 20). For this, the cryoglobulin of Case 5 was cho- 
sen because it could be readily separated from the small amount of contam- 
inating normal globulins by precipitation in the cold. The preparation 
studied exhibited a single symmetrical peak upon electrophoresis from pH 
4 to 10 and also appeared homogeneous in the ultracentrifuge (Fig. 3, E). 
The diffusion constant was measured in a Veronal buffer at pH 7.5, 0.1 ionic 
strength, at the isoelectric point of the protein (see below), and the hetero- 
geneity constant was determined for a 0.6 per cent protein solution in the 
same buffer with adherence to the precautions prescribed by Alberty (10, 
20). The patterns of the ascending and descending limbs were enantio- 
graphic. The apparent diffusion constant rose only slightly during electro- 
phoresis, and at the end of the period of reversal of the current returned 
to essentially the same value as before. For the cryoglobulin, the hetero- 
geneity constant h = 0.1 X 10-* cm.’ sec. volt—' where h is the standard 
deviation of the mobility distribution. Under our conditions of measure- 
ment this figure is in the range which Alberty considers to be the minimal 
which can be measured. Thus, this cryoglobulin was as homogeneous elec- 
trically as any protein yet subjected to this criterion. For comparison, 
h = 0.52 Xx 10 cm.’ sec.! volt for y2-globulin in a buffer of ionic strength 
0.1 (10). The electrophoretic and sedimentation patterns of a number of 
other MM proteins were as sharp as for this cryoglobulin. It can be con- 
cluded that the protein increment in multiple myeloma represents an in- 
crease in a unique species of globulin, although the species selected may 
vary from patient to patient. 

pH-Mobility Curves—Because of the variation in the mobility of the 
MM components, the complete pH-mobility curves were determined for 
two of the proteins and compared with the data of Alberty (10) for human 
yrglobulin and y:-globulin. The y:-globulin represents the bulk of the 
y-globulin fraction and is practically identical with the sum of Fractions 
II-1,2 and II-3 obtained on alcohol fractionation ; 7;-globulin is a less soluble 
non-fibrinogen globulin migrating with the mobility of fibrinogen in the 
Veronal buffer at pH 8.6 and is sometimes denoted as 8;-globulin. These 
fractionated globulins are more heterogeneous than the MM proteins, e.g. 
yrglobulin has an isoelectric point distribution from pH 6.2 to 8.6 with a 
mean isoelectric point of pH 7.3 (10). 

From Fig. 4 it can be seen that the pH-mobility curve for MM protein 
of Case 5 follows that of y:-globulin, but is shifted about 0.2 pH unit to- 
wards the alkaline side so that the isoelectric point of the MM protein is 
about pH 7.5. MM protein of Case 11 migrated considerably more slowly 
than y2-globulin in the acid region, exhibiting an isoelectric point of about 


and 
aphs 
m of 
ified 
ae 4; 
— 


2 


736 MYELOMA SERUM PROTEINS 


pH 6.6 but closely approximating the normal y: -globulin curve in the 
alkaline range. Both of the MM globulins exhibited a single component 
over the range of study, but yi-globulin separates into two components 
below pH 5. 

It is significant that the range in mobility at pH 8.6 of all but one of the 
MM proteins listed in Table I is within that given in Fig. 4 for the pre- 
ponderant components of 7,-globulin and 7:-globulin. This is compatible 
with the mobility distribution illustrated in Fig. 2 and the view that the 
MM proteins may represent individual species of a family of proteins re- 
lated to normal y-globulins. 


J. 
45 50 60 60 90 


Fic. 4. pH-mobility curves of two MM proteins and of two fractions of normal 
y-globulin. The dash curves for yi- and +y:-globulins are taken from the data of 
Alberty (10). 


Ultracentrifugation of MM Proteins 

Sedimentation Constants—The MM proteins encountered in this study 
fall into two main classes with respect to their sedimentation constants: 
(1) proteins with a single or a major component with % = about 6.6 8, 
and (2) proteins with a major component of about 9.58. The MM com- 
ponent was isolated electrophoretically from all but three of the twenty 
sera listed in Table I and was analyzed in the ultracentrifuge. None of 
the proteins was of the BJ type. In four instances the sedimentation 
constant was studied as a function of concentration. For calculations, 3 
partial specific volume of 0.739, reported by Oncley ef al. (21) for +-globu- 
lin, was assumed. 

6.6 S Component—Fig. 5 shows 8» as a function of concentration for 
MM proteins having a sedimentation constant of about 6.6 8. A single 
sedimenting boundary was obtained for nine of the thirteen proteins rep- 
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resented; all these give values falling within +0.1 S of the curve drawn. 
Three of the proteins contained about 5 per cent of a more rapidly sedi- 
menting component; one had 16 per cent (Case 20). The concentration- 
dependence of s was determined for proteins of Cases 5 and 11 because 
these preparations were electrophoretically as well as ultracentrifugally 
homogeneous over a wide pH range. For comparison, the results are given 
for a preparation of human y-globulin obtained by alcohol fructionat ion,“ 
which, however, contained only 90 per cent y:-globulin by electrophoretic 
analysis and sedimented in the ultracentrifuge with a main peak of 85 per 
cent and a minor peak of 15 per cent (Fig. 3,@). The extrapolated value 
of e for the proteins represented in Fig. 5 is 6.6 8. Though the mobility 
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Fie. 5. Concentration dependence of the sedimentation constant of multiple 
myeloma serum proteins and normal y-globulin. 


of these proteins varied over a 4-fold range at pH 8.6, all the values except 
for Case 20 were within the mobility distribution of normal y-globulin. 
MM protein of Case 20 migrated faster than the 8 anomaly (Fig. 1); its 
% falls below the curve. It is clear that with this exception the proteins 
represented in Fig. 5, and covering the majority of our cases, are closely 
similar to normal y-globulins in molecular properties as well as in electrical 
behavior. 

The difference between the extrapolated value of 6.6 S found in this 
laboratory for MM proteins and y-globulin and the values of 6.9 to 7.3 8 
reported by others (1, 21-24) remains unexplained. Although normal hu- 
man y-globulin always contains a heavier component (21, 24) absent in 
most of the MM proteins, this does not explain the discrepancy in 3. 
The other values reported were obtained with air or oil turbine ultracen- 


* Lot No. 49, prepared by the Department of Physical Chemistry, Harvard Medi- 
eal School. 
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trifuges. Recent studies indicate that the discrepancies may be attributed 
to the method of maintaining and measuring temperature during the run.“ 
It is significant that Rundles et al. (4), employing the Spinco ultracentri- 
fuge, have reported values of „% for MM proteins in the range of 6.19 to 
6.76 S, with an average of 6.46 S. 

9.5 S Component—Fig. 6 presents data for the major components of four 
MM proteins sedimenting more rapidly than y-globulin, and for the minor 
component of normal y-globulin. The electrophoretic pattern of the MM 
protein of Case 15 was diffuse but was sharp for the other cases (see Fig. 1). 
Although Cases 17, 18, and 19 had MM components of similar mobility, 
they excreted BJ proteins of different mobility. All the proteins repre- 
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00 


Fic. 6. Concentration dependence of the sedimentation constant of several 8 
type MM proteins. 


sented in Fig. 6 contained 20 to 30 per cent of a component with „ 
about 6.6 S and all but that in Case 17 also contained minor components 
with 8» = 11 to 128. 

The occurrence of a major serum globulin component with % = about 
9S is rare, having previously been reported only by Kekwick (17). In his 
case also the protein migrated as a 8-globulin and contained minor com- 
ponents with % = 6.5, 11.3, and 13.3 8. We have recently found one 


Normal y-globulin contains varying amounts of a heavy component 


* Kegeles and Gutter (11), Miller and Golder (12), and Taylor (13) have all care- 
fully investigated the origin of the discrepancies in 8:5 for serum albumin obtained 
with the Spinco machine and other ultracentrifuges. For two different lots of 
Armour bovine serum albumin at I per cent concentration, one of us (F. W. P.) ob- 
tained % = 4.00 and 4.058, which values fall within the range reported by the Ameri- 
can workers (11-13). We have likewise obtained good agreement with Kegeles’ 
precise measurements of % for hog heart lactic dehydrogenase (11). 
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( = 9.5 8) which is absent or present only in negligible proportion in 
most of the y type MM proteins (compare Fig. 3, E, F, and G). Although 
a protein of similar en is predominant in the 8 type MM proteins covered 
by Fig. 6, electrophoretic analysis of the sera indicated a greatly decreased 
concentration of y-globulin. A 9S subcomponent has also been detected 
in ¥:-globulin (24), and Oncley et al. (21) have suggested that this heavy 
fraction of normal human y-globulin may be a dimer. Although the coin- 
cidence of the 8 versus the concentration curves in Fig. 6 for several of 
the MM proteins and the minor component of human y-globulin is pro- 


Taste III 
Physical Constants of Globulins from Multiple Myeloma Sera and from Normal Human 
Serum 


| | | ith 
Multiple myeloma proteins 
˙ 6.6° 3.70 167 ,000 1.59 
6.6° 3.82 165 ,000 1.55 
Normal y-globulins 
Oneley et al. (21) t 1.38 
Bridgman (22) I 1.58 
Pedersen (23) 7.1 4.0 18,000 1.81 
Deutsch et al. (24) 7 b | 


— — — — — — @ 


The figures in parentheses represent bibliographies references. 
* Extrapolated to zero protein concentration. 
From and f/f. 

: From intrinsic viscosity measurements. 


vocative, no relationship between the normal and pathological proteins 
can be deduced solely on the basis of sedimentation constants. 
Diffusion Constanis and Molecular Weight and Shape 
66 S Component—The results of the diffusion studies on three multiple 
myeloma proteins are presented in Table III. These proteins exhibited no 
trace of a second component during ultracentrifugation; that of Case 5 
was the electrophoretically homogeneous cryoglobulin. The sedimenta- 
tion constants for these proteins closely fitted the curve of Fig. 5. The 
value given is 83, the sedimentation constant at infinite dilution extra- 
polated from Fig. 5. Table III also contains the molecular weight calcu- 
lated from the Svedberg equation. The molecular weight may be slightly 
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in error because s was obtained by extrapolation to infinite dilution, 
whereas D was measured at 0.6 per cent protein concentration. For com- 
parison the molecular constants of normal human y-globulin are included; 
the disparity in these values may result from the heterogeneity of this 
protein. 

The diffusion constants for the three MM proteins and for normal y- 
globulin are the same within the error of the method which has been esti- 
mated to be about +3 per cent (25, 26).'° The molecular weights of the 
MM proteins recorded in Table III are also well within the range reported 
for normal human 7-globulins. Thus the molecular weights and dimen. 
sions of the predominant class of MM proteins are the same as those of 
normal human 7-globulins. 

Rundles et al. (4), who attempted to measure Ds in ten instances without 
isolation of the MM proteins, have recorded a greater range in D» and in 
molecular weight. However, the majority of their proteins had a molecu- 
lar weight of between 140,000 and 160,000. Further studies on the purified 
proteins are needed before significance can be attached to this variation. 

Cryoglobulins—Cryoglobulins occur in a number of disease states but 
somewhat more often in multiple myeloma (27-30). In our study of al- 
most 50 myeloma patients, only two clear cases of cryoglobulinemia have 
been encountered. Of these, Case 5 was the most pronounced. In both 
instances the cryoglobulins had the molecular kinetic constants of normal 
human y-globulins when studied at room temperature, and the cryoglobu- 
lin in Case 5 was closely related immunologically to y-globulin or a portion 
thereof.* Despite this instance of identity, cryoglobulins may differ from 
normal serum proteins, both electrophoretically and in molecular weight. 
In four other cases in which 8» and De are both available, the molecular 
weights were 200,000 (31) and 1,080,000 (23), respectively, for two differ- 
ent myeloma proteins and 190,000 (28) and 600,000 (32) for proteins from 
cases of acro purpura and lymphosarcoma, respectively. In three cases 
(28-30) the mobility in acetate buffer, pH 4.7, was identical with that of 
protein in Case 5, but the mobility of the latter protein at pH 8.6 in Ver- 
onal buffer differs from that of a cryoglobulin obtained from a lympho- 
sarcoma serum (32). 

It is surprising that the physical constants of the cryoglobulin are so 
similar to those of the other globulins in Table III. The frictional ratio 
of 1.59 calculated for this protein at 20° gives no clue as to the cause of its 
property of gelation in the cold. Viscosity measurements confirm that the 


% As a check on apparatus constants and experimental method, De was deter- 
mined for an Armour preparation of bovine serum albumin which was electrophoreti- 
cally homogeneous at pH 8.6. The value obtained was 6.16 X 10 em.* e., in 
good agreement with data in the literature (4, 10). 
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molecule is not unusually elongated at room temperature. However, the 

omenon may be explained by an association and dissociation reaction 
regulated by the temperature and protein concentration such as that de- 
scribed by Pedersen for a eryoglobulin obtained from multiple myeloma 
serum (33). 

9.5 S Component The molecular constants for the 8 type proteins of the 
9.5 S class are incomplete because these proteins were heterogeneous in the 
ultracentrifuge. Moreover, electrophoretic and ultracentrifugal distribu- 
tions between 8- and y-globulins and light and heavy components did not 
coincide. In one instance the diffusion constant of an MM protein (Case 
17) migrating close to the 8 peak was determined after electrophoretic 
resolution and resharpening of the peak. De was about 2.1 X 107 em. 
sec. which, together with an s of 9.5 8, yields an approximate molecular 
weight of 400,000. 

In regard to the possible normal occurrence of similar proteins, it should 
be noted that four distinct 8,-globulins have been identified in normal 
plasma, that only one is a lipoprotein, and that none have sedimentation 
constants close to 9 to 10 8 (34). The sedimentation and flotation studies 
of whole sera and of the isolated 8 type proteins in buffers of varying den- 
sity rule out the possibility that the 9.5 8 component is related to the 81 
lipoprotein.? The s» and the absence of color indicate that it is not the 
iron-binding globulin. Despite the similarity in 8» of the 8 type MM 
proteins and the minor component of normal human y-globulin, the mo- 
bility differences appear to exclude a relationship. Accordingly, it must 
be concluded that the 9.5 S component is a unique protein of uncertain 
origin found in some cases of multiple myeloma. Its presence seems un- 
related to the phase of the disease. 

Neither in this investigation nor in that of Rundles et al. (J), totaling 75 
clinically verified cases, was any evidence found for a major serum protein 
component with % = 20 8. Yet Pedersen and Waldenstrém (35) have 
reported five cases of a marked increase in a high molecular weight globu- 
lin with % = about 20 8 and molecular weight about 1 million in an un- 
known disease of the bone marrow. 


Interrelationships of Normal and Multiple Myeloma Globulins 

All the above observations support the hypothesis that the serum pro- 
tein-synthesizing system goes awry in multiple myeloma, in each case pro- 
ducing an abundance of a highly homogeneous representative which is 
otherwise present only in small proportion in the family of normal globulins. 
The physicochemical data presented are largely consistent with this view. 
There is immunochemical evidence that the y type MM proteins are related 
to normal y-globulins despite the variation in electrical mobility, but that 
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some 8 type MM proteins may be unrelated to normal globulins (36, 37). 
Since these data cannot prove the above hypothesis, sequence analysis of 
the terminal part of the peptide chains of MM and normal globulins has 
been begun. Isotopic investigation of the rate of synthesis of myeloma 
globulins and Bence-Jones proteins is also in progress (9). 


The assistance of Peter Stelos in some of the electrophoretic and ultra- 
centrifugal analyses is gratefully acknowledged. 


SUMMARY 


Sera from twenty-five patients with multiple myeloma were studied by 
electrophoresis. The concentration of the proteins was calculated, and 
the diversity in electrophoretic patterns is described. The anomalous glob- 
ulins were isolated by electrophoretic separation and were characterized by 
physicochemical methods. At pH 8.6, the mobility of individual myeloma 
proteins is distributed over a wide range but with a maximal incidence at 
the mobility of normal y- globulins. The myeloma globulins fit into two 
principal classes of molecular weight without respect to sedimentation 
constants of about 6.6 and 9.5 Svedberg units. Most of the proteins 
closely resemble normal y-globulin in molecular kinetic constants but are 
distinguished by a high degree of molecular and electrical homogeneity. 
The proteins of the other group are ultracentrifugally heterogeneous. It 
is suggested that the disturbance in protein synthesis in this disease usually 
results in the massive production of one globulin randomly selected from 
the family of normal globulins. 
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STUDIES OF PYRIMIDINE NUCLEOTIDES WITH OROTIC 
ACID-2-C" AND P®* 


By LAWRENCE L. WEEDft ND D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 21, 1952) 


In a recent communication (1), a report was made concerning the incor- 
poration in vitro of radioactive orotic acid into pyrimidine ribonucleotides. 
The procedure has been adapted for the separation of the pyrimidine nu- 
cleotides derived from mixtures of desoxyribonucleic acid (DNA) and ribo- 
nucleic acid (RNA), and for study of the incorporation in vitro of C™- 
labeled orotic acid and P into such pyrimidine nucleotides. Although 
Volkin et al. (2) have described some procedures which deal with this 
problem, we have found it desirable to use several modifications for our 
particular purposes. 

Spleen tissue was studied since Davidson (3) has reported that it contains 
about equal amounts of RNA and DNA, and because a high turnover of 
nucleic acid in this tissue has been frequently reported. 


EXPERIMENTAL 


The method employed was similar to that described by Weed and Wil- 
son (1) and Weed (4). It was checked against commercial RNA and 
purified DNA (5), as well as samples of spleen RNA and DNA obtained 
by a combination of the Schmidt and Thannhauser (6) and Schneider (7) 
procedures. The modifications employed and the properties of the nucleo- 
tides and bases which were isolated from the above sources are described 
in Table I. The nucleotides were, in several instances, further character- 
ized by hydrolysis and identification of the resulting bases (N, values and 
ultraviolet absorption spectra). With the resin columns employed, it was 
possible to obtain good separations with hydrolysates of as much as 35 mg. 
of nucleic acid. Larger quantities may produce overlapping of the indi- 
vidual fractions. In a number of instances, sufficient product was obtained 

* Aided by a grant from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council. The C' and Pu were received 
on allocation from the Isotopes Division, United States Atomic Energy Commission. 
a ca report of portions of this work has appeared (Federation Proc., 10, 

t Postdoctoral Research Fellow of the United States Atomic Energy Commission. 
Present address, Lieutenant Lawrence L. Weed, Department of Bacteriology, Army 
Medical Center, Washington, D. C. 
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746 PYRIMIDINE NUCLEOTIDES 
to permit the estimation of free and combined phosphate. On paper chro- 
matograms, the inorganic phosphate was always close to the solvent front, 
while on the resin columns it could be easily eluted with 0.01 N HCl. 
The experiments with tissue slices were carried out as previously de- 
scribed (1, 4) with spleens obtained from two normal cats. After incuba- 
tion with C-labeled orotic acid, the total nucleic acid isolated as described 


TABLE I 
Separations Obtained by Use of Method Described 
Elutions Elutions from 
| from paper; | resin column; | 
A 0.93 Thymine desoxyribotide* | 266 | 266 0.1 0.74 2 
B 0.84 Uracil ribotide | 262 | 262 0.01 262/260-262, 0.46 1 
Thymine desoxyribotide* 266 284 0.1 264 0.74 | 2 
C | 0.65 Cytosine ribotide 278 270 0.002278 1.63 1 
Cytosine desoxyribotide* 276 270 0.01 1.60 2 
D | 0.46 | Adenine | 262 
E | 0.28 | Guanine 248 


* We have seen no figures of the absorption maxima or the extinction coefficients 
at the maxima of thymine and cytosine desoxyribotides (2). However, uracil and 
cytosine ribotides have about the same absorption maxima as their ribosides (8). 
Cytosine riboside and desoxyriboside have practically the same absorption maxims 
(9) in acid and alkali. The absorption maximum of thymine desoxyriboside is also 
given (9-11). These values agree well with the absorption maxima which we have 
obtained with the corresponding nucleotides. 

The reading at 278 ma divided by the reading at 262 ma. Individual solutions 
were used sometimes which had ratios differing 5 to 10 per cent from those in Table I. 

? P/B = organic phosphorus (photometric) divided by nucleotide phosphorus. 
From the molar extinction coefficient (Ey) of the compound can be calculated the 
moles of nucleotide and of phosphorus, assuming I atom of phosphorus per molecule 
of nucleotide. 


previously (4) was hydrolyzed and the various fractions were separated 
The pyrimidine nucleotides in the various eluates obtained from the resin 
columns were estimated quantitatively by means of the Beckman ultra- 
violet spectrophotometer, and after evaporation the residues were assayed 
for radioactivity by means of a windowless counter. For the studies in- 
volving incorporation of Px, aliquots of the rat liver slices were incubated 
respectively with P-labeled sodium phosphate or with orotic acid-2-C%. 
In the former case, carrier phosphate was added to the eluates of the paper 
chromatograms and precipitated with Ba (OH), for rinsing purposes. This 
procedure was repeated until the precipitates contained negligible activity. 
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Results 
Table I indicates the fractions obtained by this procedure. The desoxy- 
ribotides, as described, invariably contained two atomic weights of phos- 
phorus per mole of base, suggesting that they were nucleoside diphosphates. 
It should be pointed out that the desoxyribotides were always obtained 
free of the ribotides. On occasion, uracil nucleotide may be contaminated 


with some thymine nucleotide, and cytosine ribotide with some cytosine 


desoxyribotide. The contamination (so far as radioactivity is concerned) 
is usually not serious when animal tissues containing mainly RNA are 
employed. 
Taste II 
Specifie Activities of Pyrimidine Nucleotides of Nucleic Acids from Cat Spleen 
2 to 3 gm. of cat spleen slices were incubated with I mg. of orotie acid-2-C™, 


specific activity 26,000 ¢.p.m. per mg. in 20 ml. of Krebs’ saline with added phos- 
phate buffer, pH 7.4, at 38° for 4 hours with 95 per cent O,-5 per cent CO, 


Spleen 1 Spleen 2 
Amount Pyrimidine Amount Pyrimidine 
c. per mg. 7 per mg. 
Thymidylie acid 243 11* 204 55 
D 461 1160 297 | 1750 
RNA eytidylte aid. 822 | 20 | of | 
o° 


* Not significant. 

The incorporation of orotic acid-2-C" into RNA and DNA pyrimidine 
nucleotides by spleen is summarized in Table II. In both experiments, 
the specific activity of the isolated uracil ribotide was 6 to 8 times as great 
as that observed in the cytosine ribotide. It is clear, also, that there was 
considerably less incorporation into the DNA pyrimidine nucleotides than 
into those of RNA. Similar results have been obtained with cat kidney 
slices and human tumor. It has previously been demonstrated that con- 
tamination with orotic acid does not occur and that the CM of orotic acid 
is incorporated only into the pyrimidines and not into the pentose or 


purines. 

In Table III are summarized the results obtained with P* and orotic 
acid-2-C“. The last column demonstrates that the ratio of the specific 
activities of uracil ribotide to cytosine ribotide was approximately 2:1 when 
Pr was employed. With slices obtained from the same liver, the corre- 
sponding ratio observed with radioactive orotic acid was 5:1. In the case 
of the spleen the ratio obtained with P® was 1.5:1, whereas in our studies 
with the same tissue the ratio obtained with orotic acid as a precursor was 
approximately 6:1. 
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Taste III 

Specific Activities of Pyrimidine Nucleotides of Nucleic Acids from Rat Liver or Spleen 

12 to 15 gm. of rat liver slices were mixed and divided into four equal portions, 
Each portion was suspended in 20 ml. of Krebs’ saline with added phosphate buffer 
at pH 7.4. To each of portions (1) and (2) was added 1 ml. of phosphate buffer con- 
taining 2,320,000 c.p.m., to each of portions (3) and (4) 1 mg. of orotic acid-2-C™ 
containing 26,000 c.p.m. The portion of rat spleen slices was treated as indicated. 
All the portions were incubated at 38° for 4 hours with 95 per cent O.-5 per cent CO, 


Uridylic Cytidylic acid 

Rat tissue ͤ 1——i — 

Amount Pyrimidine Amount Pyrimidine 

chm. jer | 
With Pu, liver (1)............... 43 2,300 2060 | 1,180 2.0 
C’. é 338 | 2,620 1490 1,110 2.4 
„ orotic acid, liver (3) 2240 103 25⁵³⁰ 19 5.4 
8 1 ae 1842 108 3280 21 5.1 
134 | 17,400 552 11,500 1.5 


atio of the radioactivity of uracil nucleotide to that of cytosine nucleotide. 


DISCUSSION 


Although the amounts of thymine nucleotide recovered were often small 
(approximately half that of the recovered uracil nucleotide), the specific 
activities differed by a factor of 30 or greater. The low yields of DNA 
cytosine nucleotide make evaluation of the low activity difficult, but it is 
readily apparent that there is very little incorporation into the DNA in 
these experiments. Total recoveries, in most instances, were far from 
quantitative since we were primarily interested in obtaining uncontami- 
nated preparations. 

It is quite apparent that these studies agree with previous results (12-14) 
which suggest that the turnover of nucleic acids will vary with the nature 
of the precursor and the experimental conditions employed. They seem 
to disagree with the results of Anderson and Aqvist (14), who reported 
that, No significant differences were observed in the P® turnover of the 
four nucleotides of PNA.” 


We wish to thank Mrs. Natalie G. Aust and Mrs. Ann Emerick for their 
valuable technical assistance. 


SUMMARY 


A method previously described for the separation of the pyrimidine 
nucleotides of ribose and desoxyribose nucleic acids has been applied to 
the study of the relative incorporation of radioactive orotic acid into the 
two types of nucleic acid. The incorporation of radioactivity into the 
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uracil was greater than into the cytosine of the RNA, and the specific 
activities of both RNA pyrimidine components were considerably greater 
than those of the DNA components. 

The incorporation of radioactive phosphate into the pyrimidine nucleo- 
tides of ribose nucleic acid has also been studied. The ratios of the spe- 
cific activities of uridylic acid and cytidylic acid in these experiments were 
not the same as those obtained when radioactive orotic acid was employed 
as the precursor. 
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THE INCORPORATION OF ADENINE INTO RIBONUCLEIC 
ACID IN VITRO* 


Br EUGENE GOLDWASSERt 
(From the University Institute for Cytophysiology, Copenhagen, Denmark) 
(Received for publication, November 21, 1952) 


As a prerequisite to a study of the mechanism of the incorporation of 
radioadenine into ribonucleic acid (RNA) it was thought desirable to seek 
a simple system in vitro which could carry out the necessary reactions. 
Such a system might also be useful for the general study of RNA biosynthe- 
sis, if it can be assumed that the incorporation of adenine into the nucleic 
acid is a true measure of the physiological synthesis of this cell constituent. 
This assumption has not been completely justified. Since the original 
demonstration by Brown et al. (1) that adenine was incorporated into 
RNA in vivo, several investigators have employed systems in vitro in the 
study of RNA turnover. Surviving slices of rat liver have been shown 
by Kerr, Seraidarian, and Brown (2) to incorporate labeled adenine but not 
adenosine, guanosine, or the adenine and guanine nucleotides derived from 
yeast RNA. The same tissue was used by Weed and Wilson (3) to demon- 
strate the incorporation of CI orotie acid into the pyrimidines of RNA. 
Abrams and Goldinger (4), using adenine, guanine, and glycine, have dem- 
onstrated the formation of labeled RNA by erythroid rabbit marrow 
slices. Reichard and Bergström (5) showed that slices of regenerating rat 
liver could incorporate labeled glycine into the purines and labeled orotic 
acid into the pyrimidines of both RNA and DNA (desoxyribonucleic acid). 
The work described in this communication has confirmed the finding that 
rat liver slices will incorporate adenine into RNA and demonstrated that 
the same process occurs in cell-free homogenates of pigeon liver. 


EXPERIMENTAL 


The adenine-8-C™ hydrochloride was prepared by Clark and Kalckar (6 
and contained 0.8 wc. per uM corresponding to 1.2 X 10° c.p.m. per uM. 
The 2, 6-diaminopurine-2-Ci was generously supplied by Dr. G. B. Brown 
of the Sloan-Kettering Institute for Cancer Research, New York. 


* Aided by grants from the Rockefeller Foundation, Carlsberg Fondet, and the 
Lederle Laboratories Division of the American Cyanamid Company. This work 
was done while the author was a Fellow of the American Cancer Society, as recom- 
mended by the Committee on Growth of the National Research Council. 

t Present address, — of Chicago, Argonne Cancer Research Hospital, 
Chicago, Illinois. 
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Samples for counting were plated directly on aluminum planchets and 
counted with a thin mica end window Geiger-Miiller counter of about 12 
per cent efficiency. Whenever necessary, corrections were applied for loss 
due to self-absorption. 

The rat tissue slices were cut by hand and incubated in Krebs-Ringer- 
phosphate solution. Before homogenization the pigeon livers were per- 
fused with ice-cold medium to remove the blood as completely as possible 
within a short time. The tissue was then minced in a stainless steel press 
and the resulting pulp added to the medium and homogenized in a Potter- 
Elvehjem type of homogenizer with a plastic pestle. The composition of 
the medium was as follows: KCl, 0.13 Mu; KH: PO,, 0.015 u; NaHCo,, 
0.0046 M; NaF, 0.0001 Mu; MgSO,, 0.002 m brought to pH 7.1 with am- 
monia. Incubations were carried out under 95 per cent oxygen-5 per cent 
carbon dioxide at 37°. At the end of the indicated time the reactions were 
stopped by chilling and addition of perchloric acid to 4 per cent. The 
acid-insoluble material was centrifuged and washed exhaustively with a 
solution of unlabeled adenine in dilute perchloric acid until the wash liquid 
contained no detectable isotope. The washed precipitate was then par- 
titioned according to the method of Schmidt and Thannhauser (7). In 
experiments with the rat tissues, RNA was determined by the orcinol 
method of Mejbaum (8), but in the pigeon liver preparations there seemed 
to be materials which interfered with this colorimetric determination. 
Therefore, with this tissue, the enzymatic spectrophotometric method of 
Kalckar' was used to determine the RNA content. This method is based 
on the enzymatic determination of xanthine and hypoxanthine (9), which 
are obtained by the enzymatic breakdown of the guanylic and adenylic 
acids obtained after alkaline hydrolysis. 

Since the purine nucleotides were found to comprise about 50 per cent 
of the pigeon liver RNA (on a molar basis), as is the case with yeast RNA, 
the latter was used as a standard in the enzymatic determination of RNA. 


RESULTS AND DISCUSSION 

The results of a typical experiment utilizing rat tissue slices are shown 
in Table I. 

It can be seen that both liver and spleen slices will incorporate adenine 
into RNA and that cyanide almost completely inhibits this process. The 
low isotope content of the RNA following incubation in the presence of 
cyanide demonstrates that the label present in the uninhibited sample is 
probably not due to a portion of the free adenine being non-specifically 
adsorbed and held very tightly. There is further evidence that the isotope 
is not simply adsorbed. RNA from slices incubated under Na, or from 


1 Kalckar, H. M., unpublished. 


fie 
10 
ho 
nin 
Live 
Sple 
I 
taini 
Slice 
Hom 
less t 
active 
in the 
The 
shows 
the he 
far me 
In 
furthe 
saline 
of sali 


E. GOLDWASSER 753 


slices which were incubated for 2 hours previous to the addition of the 
adenine and then incubated a further 2 hours, was devoid of label. Forti- 
fied homogenates of rat liver and spleen had no ability to incorporate 
adenine into RNA. 

The results of a sample experiment comparing pigeon liver slices and 
homogenate are presented in Table IT. 

These data indicate that (a) the activity of pigeon liver is considerably 


Taste I 
Incorporation of Adenine-8-C™ into RNA in Rat Tissue Slices 


Incubation for 2 hours in 3.0 ml. of Krebs-Ringer-phosphate with 0.3 u of ade- 
nine added. 


Tissue Totale.pm. TERRE | Com. 

„ ...... q 300 | 122 | 1.00 122 
is 260 700 0.60 | 1160 
„ KCNW U..... ͥ 2300 80 0.64 120 


Taste II 
Incorporation of Adenine-8-C"* into Pigeon Liver RNA 
Incubation for 90 minutes with 0.3 um of adenine in 3.0 ml., total volume, con- 
taining approximately 0.5 gm. of tissue. 


Tissue Total c. p m. Total mg. RNA 


— — — — — — — — 


— 
470 1.7 | 280 
| so | 16 2 
12 29 
＋ X KCN........... 62 2.2 30 


less than that of rat liver, (b) a homogenate of pigeon liver is almost as 
active as slices of the same tissue, and (c) cyanide inhibits the incorporation 
in the broken cell system. 

The fact that the homogenate is about 70 per cent as active as the slices 
shows that the activity is not due to a small number of unbroken cells in 
the homogenate. Attempts at fractionation of the homogenate have so 
far met with no reproducible success but are being continued. 

In subsequent experiments the problem of non-specific adsorption was 
further studied. The washed acid-insoluble material was extracted with 
saline and the extract containing RNA was dialyzed against many changes 
of saline, then reprecipitated. The resulting RNA showed no appreciable 
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difference in specific activity from the previous experiments. A different 
type of control consisted in washing the already washed acid-insoluble 
precipitate with the acid-soluble portion of a homogenate which had been 
incubated with unlabeled adenine. This procedure, which should have 
considerably diluted all acid-soluble reaction products of adenine metabo- 
lism which might have been adsorbed, resulted in no appreciable change in 
specific activity of the RNA nucleotides. 

Since avian erythrocytes are nucleated, it could be suspected that any 
red cells remaining in the tissue might be the sole source of radioactive 
RNA. To test this, homogenates made from perfused and unperfused 
livers were compared with washed erythrocytes and the results are indi- 
cated in Table III. 


Taste III 

Incorporation of Adenine-8-C™ into Pigeon Erythrocytes Compared with Liver 
Homogenates 

Incubation for 90 minutes with 0.3 um of adenine in 5.0 ml. homogenates, corre- 


Tissue Total chm. Total mg. RNA Cpm. per mg. 
Homogenate (perfused)..................... 441 3.6 120 
“ (not perfused)................. 378 2.6 w 
| 194 | 1.0 200 


— — 


Prepared from 3.0 ml. of blood. 


These data indicate that the contribution of erythrocytes to the final 
specific activity of RNA is not appreciable. The activity of the liver 
preparations could not be due solely to some red cells present, since, if 
that were so, the 1 gm. of liver used would have to contain more than 3.0 
ml. of whole blood. The fact that the specific activity of the liver prepara- 
tions is lower than that in Table II is probably due to the lower concen- 
tration of adenine used in the later experiment. 

Table IV shows the result of an experiment with 2,6-diaminopurine- 
2-C" (DAP) as an RNA precursor. The incorporation of diaminopurine 
can be seen to be a great deal less than that of adenine, even though the 
DAP was used at a higher concentration than adenine. 

In agreement with the data of Brown ef al. (I) which were obtained from 
feeding experiments, the systems in vitro described here contained no sig- 
nificant isotope in the DNA fraction. 

While simple homogenates of pigeon liver are not yet ideal for the study 
of RNA biosynthesis, they have yielded valuable information on the im- 
mediate fate of administered adenine. It has been demonstrated (10) that 
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5-adenylic acid and its phosphorylated derivatives are formed rapidly from 
labeled adenine by pigeon liver homogenates. Experiments are in progress 
to determine whether 5-adenylic acid is a more extensively used precursor 
of RNA than adenine. The homogenate system is nicely suited for the 
rapid screening of large numbers of potential precursors of RNA if they 
can be prepared with sufficiently high specific activity to overcome the 
disadvantage of a low rate of incorporation. 


Taste IV 
Incorporation of 2,6-Diaminopurine-2-C"™ into RNA in Pigeon Liver Homogenate 
17 ml. of homogenate containing approximately 3 gm. of tissue and 6 um of DAP 
incubated at 37° for 100 minutes. 


—— 


Total c. pm. Mg. RNA Cpm. per mg. 
440 6.4 70 
SUMMARY 


The incorporation of adenine-8-C" into RNA in vitro has been demon- 
strated to occur in surviving slices of rat liver, rat spleen, and pigeon liver, 
and in homogenates of pigeon liver. This process is inhibited by cyanide. 


The author is greatly indebted to Professor H. M. Kalckar for generously 
supplying the labeled adenine and for his constant stimulating discussions, 
guidance, and criticism during the course of this work. 
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B-GLUCURONIDASE 
I. PURIFICATION OF CALF SPLEEN 8-GLUCURONIDASE* 


By PETER BERNFELD ANDY WILLIAM H. FISHMAN 


(From the Cancer Research and Cancer Control Unit and the Department of 
Biochemistry and Nutrition, Tufts College Medical School, Boston, 
Massachusetts) 


(Received for publication, November 10, 1952) 


In recent years interest in the enzyme §-glucuronidase has increased for 
several reasons. Its relationship to neoplastic disease has been indicated 
by the finding of markedly enhanced activity of this enzyme in the ma- 
jority of human tumor tissues compared to normal tissues (1). Also, the 
use of 8-glucuronidase for the hydrolysis of steroid glucuronides has found 
a wide-spread application in the liberation of steroids from their conju- 
gates and in their subsequent isolation, mainly from urine, thus avoiding 
the hazard of artifacts produced by acid hydrolysis. 

In order to understand better the behavior of this enzyme, a systematic 
study of its properties has been undertaken. In this paper, the first of a 
new series on 8-glucuronidase, the purification of the calf spleen enzyme is 
reported. 


Enzyme Assa 

All enzyme samples are assayed in the presence of desoxyribonucleic acid 
(DNA), which has been found to increase markedly the activity of purified 
8-glucuronidase (3). A control experiment determining the activity of 
each sample without adding DNA is always performed simultaneously. A 
slight modification of the assay method of Fishman, Springer, and Bru- 
netti (4) is used. 

Substrate—The crude cinchonidine salt of phenolphthalein glucuronide, 
obtained from rabbit urine in the usual manner (4), is recrystallized four 
times from methanol-ethyl acetate mixtures. It melts at 210-211° (un- 
corrected) after being dried in vacuo at 65°. Of this salt, 0.788 gm. is 
converted into the sodium salt by repeated extraction with ethyl acetate 


* This investigation was supported in part by a research grant-in-aid by the 
American Cancer Society upon recommendation of the Committee on Growth of the 
National Research Council, by the National Cancer Institute of the National 
Institutes of Health, United States Public Health Service, and by an institutional 
grant from the American Cancer Society, New York. 

Presented in part at the 41st meeting of the American Society of Biological 
Chemists at Atlantic City, April, 1950 (2). 
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in the presence of & HCl, followed by evaporation to dryness under reduced 
pressure of the ethyl acetate layer, previously filtered through cotton, 
after which the residue is dissolved by the addition of about 20 ml. of H,0 
and enough 0.2 n NaOH (10 to 15 ml.) to bring the pH of the solution to 
5.0. This solution, made up to 100 ml. with distilled water, is then cen- 
trifuged at 18,000 r.p.m. A slight turbidity which frequently persists even 
after centrifugation is easily removed by first slowly freezing the solution 
at —15°, and then by thawing and filtering it. 

Desoxyribonucleic Acid Solution—3.10 gm. of DNA (Krishell Labora. 
tories, Inc.) are triturated with 20 ml. of 0.6 N NaOH until most of the 
product is dissolved. The pH of the solution is adjusted to 5.0 by the 
addition of 0.5 N acetic acid. The solution is made up to 100 ml. with 
distilled water and the undissolved material is removed by centrifugation 
at 18,000 r.p.m. for 15 minutes. It has been found that boiling this solu- 
tion for 5 minutes under a reflux markedly prolongs but does not increase 
its ability to enhance the activity of B-glucuronidase. 

Dilution of Enzyme—The enzyme sample is diluted with acetate buffer 
at pH 5.0, and ionic strength » 0.07, to such an extent that, under the 
conditions described below, 5 to 20 y of phenolphthalein are liberated. 
Then 0.1 ml. of DNA solution is added to 5.4 ml. of diluted enzyme. When 
enzyme solutions of a low or medium degree of purity are used, the addition 
of DNA often produces a turbidity. This turbidity is removed by cen- 
trifugation at 2000 r.p.m. for 10 minutes. For the control experiment, 0.1 
ml. of acetate buffer is substituted for the DNA solution. 

Activity Determination—0.1 ml. of substrate and 0.4 ml. of acetate buffer 
(pH 5.0, A 0.07) are placed in a colorimeter tube. 0.5 ml. of diluted en- 
zyme solution containing DNA is added and the tube is stoppered and 
incubated in a water bath at 37° for 60 minutes. A control experiment, 
with 0.5 ml. of diluted enzyme to which no DNA has been added, is carried 
out simultaneously in a second tube. The reaction is stopped by the 
addition of 1.0 ml. of 5 per cent trichloroacetic acid solution. Then 23 
ml. of glycine solution (32.6 gm. of glycine, 25.3 gm. of NaCl, and 15.5 gm. 
of NaOH pellets in 2000 ml.) and 1.5 ml. of H,O are added, bringing the 
pH of the solution to 10.2 to 10.4, and the transmittance is determined in 
an Evelyn or a Klett-Summerson photoelectric colorimeter with a green 
filter No. 540, against a blank containing no enzyme. From the trans- 
mittance values observed, the amounts of phenolphthalein liberated are 
read from a previously established calibration curve. The limit of error 
of this method is +5 per cent. 

Unit of Enzyme Activity—This is expressed in terms of micrograms of 
phenolphthalein liberated in 1 hour at pH 5.0 and 37° from 0.001 M phen- 
olphthalein glucuronide solution, in the presence of 0.028 per cent DNA 
in a total volume of 1 ml. 
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Purity of Enzyme—The purity is expressed as the quotient obtained by 
dividing enzyme activity by optical density of the enzyme solution meas- 
ured in the Beckman model DU spectrophotometer at 280 mu, with a 1 
em. cell, or by the quotient obtained by dividing enzyme activity by pro- 
tein content of the enzyme solution. Protein determinations were made 
with the Folin phenol reagent according to the micromethod of Lowry and 
coworkers (5) with crystallized salt-free chymotrypsin (Worthington) as 
the reference protein. 


Method of Purification 

Extraction of Spleen Powder (Step I)—100 gm. of dry calf spleen powder 
(VioBin Corporation) were mixed in the Waring blendor with 500 ml. of 
acetate buffer (pH 5.0, u 0.07) in the presence of 1 ml. of 2-octanol. The 
mixtures obtained from 1000 gm. of dry powder were pooled, kept at 35° 
overnight, and then centrifuged at 3000 r.p.m. for 15 minutes. The result- 
ing residues were extracted with two portions of 1000 ml. of acetate buffer 
by being mixed in the Waring blendor with subsequent removal by cen- 
trifugation. All clear supernatant solutions were combined, yielding 4950 
ml. of a clear red-brown solution. 

Ammonium Sulfate Precipitation (Step II) To the crude enzyme extract 
1650 gm. of solid ammonium sulfate were added and the mixture was stirred 
for 30 minutes and kept overnight in the cold room (4°). The clear middle 
layer was then siphoned off and the remainder centrifuged at 3000 r.p.m. 
for 20 minutes. The residue was suspended in 1000 ml. of 23.2 per cent 
ammonium sulfate solution and the mixture centrifuged again for 20 min- 
utes. The residue was washed once more by being suspended in 1000 ml. 
of 23.2 per cent ammonium sulfate solution and the mixture centrifuged 
for 30 minutes; all the supernatant fluids were discarded.? Then 1000 ml. 
of acetate buffer (pH 5.0, u 0.07) were added to the combined residues to 
dissolve most of the solids, the mixture was incubated for 3 hours at 35°, 
and centrifuged for 15 minutes; the residue was triturated with 1000 ml. 
of acetate buffer, centrifuged, and the two supernatant solutions were com- 
bined. 

First Alkaline Ammonium Sulfate Fractionation (Step III) — This step 
and all subsequent ones were carried out at low temperatures, i. e. in an 
ice water bath or in a refrigerated centrifuge at 0°. All the precipitants 
were added dropwise from a funnel (not faster than 2 drops per second), 
with several dropping funnels being used simultaneously if necessary, and 
with slow mechanical stirring of the enzyme solution (not over 80 r.p.m.). 

A saturated ammonium sulfate solution at pH 8.7 was prepared by addi- 


* Occasionally the supernatant fluids were not clear. In this case they were kept 
overnight in the cold room, centrifuged again, and the residual material combined 
with the main residue. 
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tion of 360 ml. of concentrated ammonia water (density 0.90) to a warm 
solution (45°) of 9250 gm. of ammonium sulfate in 12 liters of H: O pre- 
pared at 60°. It was allowed to cool to 4°. In the following description, 
this solution is referred to as alkaline ammonium sulfate solution, AAS. 

To 2230 ml. of the enzyme solution of Step II, first 100 ml. of AAS and 
then 140 ml. of 2 N NH,OH were added to raise the pH to 8.73. Next, 
628 ml. of AAS were added, the precipitate was discarded after 15 minutes 
centrifugation, and 547 ml. of AAS were added to the clear supernatant 
solution. After 15 minutes centrifugation, the precipitate was dissolved 
in 500 ml. of cold acetate buffer (pH 5.0, » 0.07), yielding a clear yellow 
solution which was used for the further purification. 

Second Alkaline Ammonium Sulfate Fractionation (Step I/) To 525 ml. 
of the enzyme solution of Step III, 50 ml. of AAS and then 30 ml. of 2 * 
NH,OH were added (final pH 8.73). 173 ml. of AAS were next added, the 
mixture was centrifuged for 15 minutes, the precipitate discarded, and 55 
ml. of AAS were added to the supernatant solution. After 15 minutes 
centrifugation, the precipitate was discarded. To the supernatant solu- 
tion 58 ml. of AAS were added, the mixture was centrifuged for 15 minutes, 
and the precipitate dissolved in 50 ml. of cold acetate buffer. This solu- 
tion was used for further purification. 

Ion Exchange (Step V)—The purpose of Step V is to replace the sulfate 
ions with citrate ions, as the ammonium sulfate would precipitate upon 
addition of methanol in Step VI, thus preventing a successful fractionation; 
ammonium citrate, however, is soluble in aqueous methanol. In the cold 
room 56 ml. of enzyme solution of Step IV were poured on a column (length, 
19 inches, inside diameter, 1} inches), containing 175 ml. of anion exchange 
resin Amberlite IRA-400 which had been previously charged with citrate 
and washed with distilled water. 10 ml. fractions were collected at a flow 
rate of one fraction per 3 minutes, the column being washed with water 
after the enzyme had passed through. All the fractions with an optical 
density of 0.20 or more at 280 my were combined (Fractions 8 through 
21). This solution gave only a faint sulfate reaction. 

First Methanol Fractionation (Step VI)—The enzyme solution obtained 
in Step V (140 ml.) was diluted with 187 ml. of 0.4 M solution of sec-sodium 
citrate (pH 5.0), and then 163 ml. of methanol were added, the mixture 
was centrifuged for 10 minutes at 3000 r.p.m., and the precipitate discarded. 
To the clear supernatant solution, 104 ml. of methanol were added, the 
mixture was centrifuged, the precipitate discarded,’ and 144 ml. of meth- 
anol were added to the supernatant solution. After 10 minutes centrifu- 
gation, the supernatant solution was discarded and the precipitate was 
dissolved in 50 ml. of 0.15 u solution of sec-sodium citrate. 


When the first two fractions were precipitated together as a single fraction, 
unsatisfactory results were obtained. 
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Second Methanol Fractionation (Step VII)—To 48 ml. of the enzyme 
solution of Step VI, 24 ml. of methanol were added; the mixture was cen- 
trifuged, the precipitate discarded, and 15 ml. of methanol were added to 


TaBie 
Purification of Calf Spleen 8-Glucuronidase 
(perm. Purityt Total activityt X 100 
Step of purification Limit of | 


Without | 
With DNA A A Main _ Discarded 
| added | | fraction fraction 


Spleen powder 950 5.5 
homogenate 
I 1050 | 
Il 
III 
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70 1250 


* Indicating lower and upper concentrations of the precipitant at which each 
fraction is separated, expressed in per cent saturation of ammonium sulfate in Steps 
II, III, and IV, and in volume per cent of methanol in Steps VI and VII. 

t Based on the enzyme activity with DNA added, except in the spleen powder 
homogenate and in Step I. 

Quotient obtained by dividing enzyme activity by the optical density of the 
enzyme solution at 280 my. 

§ Quotient obtained by dividing entyme activity by the protein concentration 
(mg. per ml.) of the enzyme solution. 


the clear supernatant solution. This mixture was centrifuged, the pre- 
cipitate discarded,’ and 20 ml. of methanol were added to the supernatant 
solution. After centrifugation of this mixture, the supernatant fluid was 
disearded and the precipitate was dissolved in 10 ml. of 0.15 m solution of 
sec-sodium citrate, yielding a clear colorless solution which maintained its 
enzymatic activity for more than 6 months when kept in the ice box. 
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Results 


A typical example of the enzyme activities, with and without DNA 
added, of the degree of purity and of the recovery of 8-glucuronidase 
throughout the purification is shown in Table I. 

The degree of activation of a given sample of purified 8-glucuronidase by 
DNA depends upon the enzyme concentration (3). More details of this 
phenomenon will be presented in a later paper. The dilution of the en- 
zyme at each step for the activity determinations in Table I is indicated: 
Steps I and II 1:110, Step III 1:275, Step IV 1:550, Step V 1:275, Steps 
VI and VII 1:440. The low over-all enzyme recovery in this purification 
is explained in large measure by the rejection of the less pure fractions. 
The enzymatic properties (pH optimum of activity and the ability to be 
activated by DNA) are the same as those in the main fractions. It is 
unlikely, therefore, that this purification procedure separates a mixture of 
two or more §-glucuronidases of different properties, the existence of which 
in ox spleen had been claimed by Mills (6). ‘ 


A detailed procedure in seven steps, including salt and methanol frac- 
tionations, is given for the purification of g- glucuronidase from a commer- 
cial dry calf spleen powder, resulting in a 1400-fold increase in enzyme 
purity based on protein content. 


The authors wish to acknowledge the technical assistance of Harriet 8. 
Goldstein, Vincent Ampola, and Myron Zuber. 
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8-GLUCURONIDASE 
II. PURIFICATION OF CALF LIVER 8-GLUCURONIDASE* 


By PETER BERNFELD, J. 8. NISSELBAUM, ann WILLIAM H. FISHMAN 
(From the Cancer Research and Cancer Control Unit and the Department of 
Biochemistry and Nutrition, Tufts College Medical School, Boston, 
Massachusetts) 


(Received for publication, November 21, 1952) 


Since the study of the properties of 8-glucuronidase required first the 
availability of enzyme preparations of the maximal purity obtainable, a 
procedure had been developed for the purification of calf spleen 8-glucuron- 
idase (1). To provide still another tissue 8-glucuronidase of high purity, 
the purification of the calf liver enzyme was undertaken and preliminary 
results were obtained and reported (2). In the present paper, the final 
procedure for the purification of calf liver 8-glucuronidase is described and 
documented with experimental data, yielding a product with the highest 
purity hitherto reported for this enzyme. In addition, comparative data 
are included concerning the purity of the enzyme preparations obtained 
from liver and spleen. Both of the present purification methods differ en- 
tirely from those described by others (3-5). 


EXPERIMENTAL 


The activity of B-glucuronidase has been determined as previously de- 
scribed (1). It is expressed in terms of micrograms of phenolphthalein lib- 
erated in 1 hour at pH 5.0 and 37° from 0.001 m phenolphthalein glucuron- 
ide solution, in the presence of 0.028 per cent desoxyribonucleic acid (DNA) 
in a total volume of 1 ml. 

The purity of the enzyme is expressed as the quotient obtained by divid- 
ing enzyme activity by the protein content of the enzyme solution, as de- 
termined with the Folin phenol reagent (6), with crystallized salt-free 
chymotrypsin (Worthington) as the reference protein. 

Electrophoresis—The electrophoretic experiments have been carried out 
in a 2.5 ml. cell of a Perkin-Elmer model No. 38 instrument. Purified 
8-glucuronidase was prepared for electrophoresis by first lyophilizing the 
enzyme solution (containing 10 to 15 mg. of protein), dissolving the dry 

This investigation was supported in part by a research grant-in-aid by the 
American Cancer Society upon recommendation of the Committee on Growth of the 
National Research Council, by the National Cancer Institute of the National 


Institutes of Health, United States Public Health Service, and by an institutional 
grant from the American Cancer Society, New York. 
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residue in 1.5 ml. of water, dialyzing this solution in sausage casings (Vis- 
king Corporation) against three successive changes of 100 ml. of buffer over 
a period of 36 hours, and then diluting the enzyme solution with buffer to 
2.6 ml. Electrophoretic analyses have been made at pH 3.60 in a lithium- 
lactate buffer of ionic strength O. I, and at pH 8.10 in a trischydroxymethyl)- 
aminomethane-citrate buffer (7) of ionic strength 0.066, the latter contain- 
ing in addition 0.034 Mu Di- isoleueine. 
Method of Purification 


5 pounds of fresh calf liver were transported packed in ice from the 
slaughter-house to the laboratory. The tissue was dissected free of large 
blood vessels and fascia and was minced in a meat grinder. The liver pulp 
was then homogenized in portions of 300 ml. in a Waring blendor for 3 
minutes with 200 ml. volumes of acetate buffer at pH 5.0 and ionic strength 
0.07, and kept at 38° overnight. The following day the combined homog- 
enates were centrifuged at room temperature in an International centrifuge 
No. 2 at 2800 to 3000 r.p.m. The supernatant solution contained the 
enzyme. Additional amounts of 8-glucuronidase were recovered by twice 
washing the pulp, i.e. by suspending it in 800 ml. of acetate buffer, cen- 
trifuging the mixture, and combining all supernatant fluids. 

The enzyme was further purified by following the procedure described 
for calf spleen 8-glucuronidase (I), starting with Step II. Newly estab- 
lished fractionation limits were employed which can be seen from the second 
column in Table I. Table I shows an example of the data obtained during 
a routine purification, giving the enzyme activity per ml. of enzyme solu- 
tion with and without the addition of DNA, the enzyme recovery (ex- 
pressed as total activity), and the purity for each purification step. 

As the extent of activation of a 8-glucuronidase solution by DNA de- 
pends upon the enzyme concentration (8), the enzyme dilutions in the final 
digest during the activity determinations are indicated as follows: Step I, 
1:200; Step II, 1:500; Step III, 1:2000; Step IV, 1:5000; Step V, 1:2000; 
Step VI, 1:2000; Step VII, 1:15,000. 

The following are some features of the procedure which should be noted. 
The centrifugation of the precipitate in Step II yielded a somewhat turbid 
supernatant fluid, thus resulting in a relatively low enzyme recovery (65 
per cent) in this step. In contrast to the method for the spleen enzyme, 
it is not necessary to determine the optical density (at 280 my) of the 
effluent solutions during the ion exchange procedure (Step V) as a measure 
of protein content because the solution of the liver enzyme at this stage of 
purification is always intensely colored. Accordingly, all effluent solutions 
which had a visible yellow color (usually the eighth fraction through the 
twenty-sixth) were collected. Most of the pigment was then removed in 
the first fraction of the following purification step. 
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When the precipitate from the third fraction in Step VII was taken up 
in 6 ml. of 0.15 M citrate solution of pH 5.0, a large amount of protein re- 
mained insoluble. This was centrifuged off and discarded. The super- 
natant solution does not lose its enzyme activity after storage at 0° for 
several months and can be lyophilized without loss in enzyme activity. A 


Taare 1 
Purification of Calf Liver 8-Glucuronidase 
activity per mi. Puritytt Total activityt x 10 
Step of Limit of : | 
fraction- 
ation® | Without with DNA| Main Discarded | Main | Discarded 
addition NA 
Liver homog- 4,850 4,850 6.5§ 15,400 
enate 
I 2,700 3,00 20 13,200 
11 3,200 4,80 2,500 8,40 
III 8.53 3,600 11,000 4,850 8,130 
IV 0-25 4,400 9,000 2,550 1630 
25 40 27,000 30,000 8.350 5,200 
* 16,000 28,000 10,000 5, 0 
VI 0-33 2.000 5, 1,900 5820 
33-45 3,500 10,000. 16,000 980 
15 63 10.0 2100 37.500 2,300 
VII | 0-25 55,000 95,000 29,500 760 
| 25-33 3,200 4,050 22,500 22 
33-50 140,000 245,000 60,000 1,600 — 
50-67 25,000 50,0% 45, 500 515 


* Indicating lower and upper concentrations of precipitant at which each fraction 
is separated, expressed in per cent saturation of ammonium sulfate in Steps III and 
IV, and in volume per cent of methanol in Steps VI and VII. 

t Based on the enzyme activity with DNA added. 

} Expressed as the quotient obtained by dividing enzyme activity by the protein 
concentration (mg. per ml.) of the enzyme solution. 

§ Enzyme activity per mg. of liver. 

| The over-all recovery of enzyme activity of 125 per cent in Step VII might be 
explained by the removal of some inhibitor during this step. 


white powder is thus obtained which is readily soluble at pH 5.0 to give a 
colorless solution. 

The purity of the final product varies somewhat from one preparation 
to another. Our best product had a purity of 107,000 y of phenolphthalein 
per mg. of protein. 

This preparation assayed 6220 Sumner units per mg. of protein in the 
presence of DNA, whereas Sarkar and Sumner (3) indicate a purity of 1800 


for their preparation. 
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About 10 per cent of the 8-glucuronidase activity from the fresh liver 
was recovered in the purest fraction. The actual losses in 8-glucuronidase 
by denaturation, however, were low, as large amounts of this enzyme were 
discarded in side fractions of lower purity in Steps IV, VI, and VII (see 
Table I). No difference has been found in the pH of optimal enzyme 
activity between the purest 8-glucuronidase fraction and the crude liver 
extract or any of the side fractions. The same situation has been found 
in the case of calf spleen 8-glucuronidase (I), whereas Mills (9) had claimed 
that ox spleen contains two 8-glucuronidases with different pH optima. 


Tests of Purity 

Electrophoresis of purified calf liver 8-glucuronidase (purity, 107,000 7 
of phenolphthalein per mg. of enzyme) at pH 3.60 in an electric field of 7.0 
volts per cm. showed one main component which migrated towards the 
cathode and which amounted to 85 to 90 per cent of the total protein 
present. 

On electrophoresis at pH 3.50, a different enzyme sample with a purity 
of 56,000 Y of phenolphthalein per mg. of protein presented a main com- 
ponent corresponding to about 50 per cent of the total protein. This shows 
that a purification of the enzyme from 56,000 to 107,000 (1.9 times) results 
in an increase of the main component from 50 to 90 per cent; accordingly, 
there is every reason to regard the main component as constituting the 
enzyme protein. 

An experiment with another enzyme sample (purity, 97,000 Y of phenol- 
phthalein per mg. of enzyme) at pH 8.10 in an electric field of 10.2 volts 
per cm. showed one main component migrating towards the anode and 
amounting to about 60 per cent of the total protein. This experiment 
was accompanied by a loss of enzyme activity, thus depressing the purity 
to 69,000 at the end of this electrophoresis. 

On the basis of these results, pure calf liver 8-glucuronidase would be 
expected to have an activity to protein ratio of 110,000 to 120,000 + of phe- 
nolphthalein per mg. of protein. 

Specific Property-Solubility Analysis—The analysis of an enzyme sample 
(purity, 70,000 Y of phenolphthalein per mg. of protein) according to the 
method of Falconer and Taylor (10) showed a straight line relationship be- 
tween the optical density at 280 my and the enzyme activity in the super- 
natant solution over a wide range of ammonium sulfate concentration at 
pH 4.5 and +4° (Fig. 1). From the slope of this line, the pure enzyme 
may be expected to have a quotient of activity to mg. of protein of 80,000. 
Although this figure is somewhat lower than that obtained from electro- 
phoretic data, the specific property-solubility analysis does add one more 
evidence of the high state of purity of the final enzyme preparation. 
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Comparison of Purity of Liver and Spleen 8-Glucuronidase 
The ratios relating the specific activities (or purities) of the two enzymes 
(last column, Table II) range between 3.5 and 15 for different stages of the 
purification procedure. 
From Step I to VII in the purification, the liver enzyme appears 
be purer than the spleen 8-glucuronidase. could bo 
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| ENZYME ACTIVITY 10° per mi 

Fig. 1. Solubility test curves of purified calf liver 8-glucuronidase (purity of 
70,000 + of phenolphthalein per mg. of protein) at pH 5.0 with (XII.), S0, as the salt- 
ing-out agent. A, precipitation curve for proteins in solution with absorption at 
230 my; N, precipitation curve for 8-glucuronidase in solution; and C, the “specific 
property-solubility curve“ for the solution. 


OPTICAL DENSITY AT 260m~ OPTI 


spleen extract contained an inhibitor not present in the liver preparation, 
or if the liver extract contained an activator absent in the spleen prepara- 
tion. 

To search for such an inhibitor or activator, the following experiment 
was performed. Equal parts of solutions of purified liver 3-glucuronidase 
(purity, 53,300 Y of phenolphthalein per mg. of protein; enzyme activity, 
142 y of phenolphthalein per hour per ml. of enzyme solution) and of puri- 
fied spleen. enzyme (purity, 7500 y of phenolphthalein per mg. of protein; 
enzyme activity, 98 y of phenolphthalein per hour per ml. of enzyme solu- 
tion) were mixed and the activity of their mixture, as well as that of each 
individual enzyme solution, was determined in the presence of DNA. It 
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was found that this mixture exhibited an activity of 120 y of phenolphtha- 
lein per hour per ml. of solution which is equal to the arithmetical mean of 
the activities of the individual solutions. The marked difference in specific 
activity between the most purified liver and spleen 8-glucuronidase prepa- 
rations is, therefore, not due to the presence of an activator or an inhibitor 
in one of them. It cannot be decided at the present time whether this 
difference is caused by the presence of an impurity in the spleen enzyme 
which remains refractory to all our purification methods or by a dissimi- 
larity in the chemical nature of these two enzymes. 


Tant II 
Comparison of Purity of Calf Spleen and Calf Liver 8-Glucuronidase 
Purity“ 
Step No. | n Ratio of purity, liver to 
Spleen enzyme | Liver enzyme 
I 68 20 3.5 
Il 360 | 2,500 7.0 
III 1150 | 4,850 4.2 
IV 1400 8,350 6.0 
V 1250 10,000 8.0 
VI | 2500 37, 500 15.0 
VII 7900 60 7.6 


* Quot tent obtained by dividing enzyme activity by the protein concentration of 
the enzyme solution (mg. per ml.) 


SUMMARY 


A detailed method of purification of 8-glucuronidase from calf liver is 
described, yielding a 9000-fold increase of the enzyme purity when com- 
pared to the fresh organ. Purity tests by electrophoresis and by the solu- 
bility method of Falconer and Taylor indicate that less than 15 per cent 
protein impurities remain in the best enzyme preparation made by the 
present method. Comparisons of the specific activities of the purest liver 
and spleen glucuronidase preparations have been made. 


The authors wish to acknowledge the technical assistance of James J. 
Sabra. 
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THE BIOSYNTHESIS OF CHLOROPHYLL AS STUDIED WITH 
LABELED GLYCINE AND ACETIC ACID“ 


Br ROCCO J. DELLA ROSA, KURT I. ALTMAN, ano KURT SALOMON 


(From the Departments of Radiation Biology and Biochemistry, The University of 
Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, October 6, 1952) 


The similarity of the structure of hemin and chlorophyll is well estab- 
lished. Because of this fact certain relationships with respect to the utili- 
zation of precursors by plant and mammalian tissues for the biosynthesis 
of the respective molecules suggest themselves. 

It is well known that both carbon atoms of acetic acid and the a-carbon 
atom of glycine are utilized by the mammalian organism in the biosynthesis 
of protoporphyrin IX (1-4). 

It is equally well known that the carboxyl carbon atom of glycine does 
not participate in the biosynthesis of protoporphyrin LX in mammalian 
tissues and avian red blood cells (5). Furthermore it has become evident 
that acetic acid participates in the biosynthesis of protoporphyrin IX by 
way of the Krebs tricarboxylic acid cycle, specifically through a-ketoglu- 
taric acid or a closely related derivative thereof. a-Ketoglutaric acid or its 
closely related metabolic derivative is then thought to react with the 
a-carbon atom of glycine to give rise to a dicarboxylic monopyrrole from 
which protoporphyrin IX and other porphyrin-like structures are to be 
formed (4, 6, 7). 

It is the purpose of this investigation to determine whether porphyrin- 
like substances such as the dihydrotetrapyrrole skeleton of chlorophyll are 
formed as the result of biosynthetic reactions similar to those outlined 
above. The experiments of Granick suggest that certain similarities of 
the biosynthetic pathways leading to protoporphyrin LX and to chlorophyll 
may exist (8). The findings to be reported in this paper demonstrate the 
existence of such biosynthetic similarities, although the utilization of the 
carboxyl carbon atom of glycine by Chorella vulgaris points out a unique 
difference between vertebrate organisms and avian red blood cells on the 
one hand and plant cells on the ower. 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 
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EXPERIMENTAL 


Culturing of C. vulgaris. The algae were grown in sterile liquid cultures 
in large flat bottomed 2500 ml. Erlenmeyer type flasks (maximal outside 
diameter 250 mm., over-all height 195 mm., outside diameter at neck 38 
mm., length of neck 70 mm.). The composition and preparation of the 
medium are shown in Table I (9). Inert sodium acetate or glycine was 
added to the medium to achieve a final concentration of 2.44 X 10 u. 
Approximately 1.5 liters of sterile medium were placed in each flask and 
inoculated with C. vulgaris cells obtained from agar slants. Eight flasks 
were used in each experiment. The flasks were placed 10 inches from a 
continuous fluorescent light and the cells were allowed to grow 5 to 6 days; 
i.e., until they showed maximal verdancy. The solutions were swirled 
occasionally to insure complete mixing of the isotope and cells. The Chlo- 
rella crops of the eight flasks in the individual experiments were harvested 
by centrifugation, pooled, washed several times with water, and placed in 
the deep freeze until the cells could be extracted. 

Radioactive Compounds Used—Four experiments were carried out with 
use of one of the following labeled precursors: glycine-1-C", glycine-2-C", 
acetate-1-C", acetate-2-C".2 The specific activities used are given in Table 
IV. 

Preparation of Degradation Products of Chlorophyll—Because of the diffi- 
culties encountered in this laboratory in obtaining pure pheophorbides 
from chlorophylls prepared by the chromatographic technique, the frac- 
tionation procedure of Willstätter and Stoll (10) based on HCl numbers 
was adapted to our conditions.“ 

Extraction of Chlorophyll In order to facilitate the extraction of chloro- 
phyll the algae were exposed to a 40 per cent aqueous solution of dimethyl 
formamide‘ for 40 minutes in order to break up the cell wall. The cells 
were then centrifuged and washed with water to remove any trace of 
dimethyl formamide. The remaining material was dried by lyophilizing, 
yielding on the average 15 gm. of dry material. After grinding this dried 

1 We gratefully acknowledge the helpful advice given to us by Dr. S. Caplin of 
the Department of Botany, The University of Rochester, and Dr. F. C. Steward, 
now of Cornell University, and their suggestion of the mint growing medium. 

2 We are indebted to the Isotope Branch, United States Atomic Energy Com- 
mission, Oak Ridge National Laboratory, Oak Ridge, Tennessee, for the a-C™ 
acetate (18.57 ne. per mg.), the carboxyl C'-acetate (2.5 we. per mg.), the a-C™ 
glycine (11.36 we. per mg.), and the carboxyl C'*-glycine (13.8 we. per mg.) used in 
these experiments. 

a We wish to thank Professor Alfred Treibs, Technische Hochschule, Munich, 
Germany, for his suggestion in this regard. 

‘Dimethyl formamide was obtained through the courtesy of E. I. du Pont de 
Nemours and Company, Wilmington, Delaware. 
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| material to a fine powder with the aid of 100 mesh Pyrex glass, methyl- 
pheophorbides a and b were prepared in accordance with the procedure 
2 outlined by Fischer and Orth (11). Each methylpheophorbide prepara- 
38 I 
he Medium for Growing Chlorella* 
Ca(NO,):- 4.0 0.5 2 
led 0.5 1 
lo- è 1 
Led 1 
in Adjust to pH 6.3-6.8; make upto Her with distilled H,0 
ith * Originally for growing mint. 
om Trace mixture, H. BO, 2.86 gm., MnCl,-4H,0 1.81 gm., ZnSO,-7H,0 0.22 gm., 
ble CuSO,-5H,0 0.08 gm., molybdie acid 0.02 Km., or ammonium molybdate 0.05 Rm. 
make up to 1 liter with distilled H,O. 
iffi- 
des 
rac- 
ers 
oro- 
thyl 
~ells 
e of 
ing, 
ried 
in of 
ard, METHYLPHEOPHORBIDa CHLORIN es 
Yom- Fic. 1. Degradation of methylpheophorbide a to chlorin e. 
Ci. 
C tion was recrystallized six times from ligroin-chloroform. From approxi- 
din | mately 15 gm. of lyophilized Chlorella cells 15 to 25 mg. of methylpheophor- 
nich, bide a and 5 to 10 mg. of methylpheophorbide b, respectively, were ob- 
tained. 
nt de Degradation of Methylpheophorbide a to Chlorin e As may be seen in 


Fig. 1, the C activity of carbon atom C11 can be estimated by degrading 
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methylpheophorbide a to chlorin e, (3). The nomenclature used for the 
identification of the individual carbon atoms of pheophorbide is that orig- 


Taste II 
Molar Extinction Coefficients (E) of Methylpheophorbides a (in Diozane) 
Maximum I Maximum ' Maximum * Maximum IV Maximum v 
at 666 mp at 610 mp at 800 ma at 535 mp | at 506 ms 
Stern and Wender- | | | 
lein’s values (13). 5.27 X 10“ | 0.77 X 10* 0.28 X 10* 0.92 X 104 1.10 X 10 
CH, COON a 4.70 X 10 | 0.79 Xx 10 | 0.28 X 10* 0.90 X 10% 1. 10 X 10 
CH. C OON a 4.77 X 10* | 0.75 X 10 0.27 X 10* 0.90 X 10* 1.00 X 10 
NH.,C"“H,COOH..... 5.22 X 10 | 0.77 X 10* 0.28 X 10* 0.94 Xx 10* 1.20 X 10 
— 5.20 X 10“ | 0.80 X 10% | 0.30 * 0.93 X 10° 1.20 X 10¢ 
TABLE III 
Molar Extinction Coefficients (E) of Methylpheophorbides b (in Diozane) 
Maximum I | Maximum II | Maximum III Maximum v 
at G25 mp at 600 ms at 555 mp | at 525 mp 
Stern and Wenderlein’s values | | 
A 3.06 X 10“ 0.78 X 10 | 0.77 K 10% 1.18 X 10% 
CHI, COONW a... 2.83 X 10“ | 0.73 Xx 10* | 0.70 X 10* 1.02 X 10 
| 2.93 X 0.73 Xx 10“ | 0.70 X 10% | 1.00 X 10 
NH;C"“H.COOH............... 2.90 X 10 | 0.78 X 10* O. 74 Xx 10* 1.12 X 104 
NH:.CH.C™“OOH............... 2.60 X 10 | 0.70 X 10 0.66 X 10“ 1.00 X 10% 
TABLE IV 
Molar Extinction Coefficients (E) of Chlorins e (in Diozane) 
— [[ um II | Maximum III | Maximum IV av 
at 664 my at 610 my at 0 m. % =| at S00 mp 
Stern and 1 Wender- | 
lein’s values (13). 5.32 X 10* | 0.40 X 10 | 0.20 X 10% 0.52 X 10% 1.32 X 10 
CH, COON a 4.95 X 10“ 0.40 X 10% | 0.20 X 10* 0.50 X 10* 1.20 X 10 
CH;C™OONa......... 5.00 X 10“ 0.40 X 10* 0.22 X 10“ 0.50 X 10* 1.14 X 10 
C“H.NH.COOH..... 4.85 X 10 | 0.41 X 10 0.20 X 10* 0.52 X 10* 1.23 X 10 
— . 5.00 X 10“ | 0.40 X 10“ 0. 25 X 10* 0.53 Xx 10* 1.16 X 10 


— — — 


inated by Wittenberg and Shemin (12) for the tetrapyrrole nucleus of 
hemin and has been extended to chlorophyll derivatives. 
Spectrophotometric Determination of Purity of Chlorophyll Degradation 
Products—A comparison of the molar extinction coefficients of the com- 
pounds isolated with values reported by Stern and Wenderlein (13) was 
used as a criterion of purity. Samples ranging in weight from 85 to 900 
(the majority of the order of 250 y) were weighed out on an Ainsworth 
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micro balance, model FDJ, in a microanalytical platinum boat, dissolved 
in dioxane, and made up to a volume of 5 to 10 ml. in a volumetric flask. 
Suitable aliquots were then placed in square fused silica absorption cells 
(Beckman) having a light path of 1 cm. and a total volume of approxi- 
mately 3 ml. All measurements were made with a Beckman spectropho- 
tometer, model DU, and have an accuracy of 0.5 to 1 per cent. 
The pertinent data are presented in Tables II, III, and IV. The spec- 
troscopic data are expressed in terms of 
em. I, 1 
log, F * por liter 


It is apparent from the data presented that a high degree of purity was 
achieved. 

Preparation of Glucosazones—Glucose was isolated from the residues re- 
maining after the extraction of chlorophyll from the lyophilized Chlorella 
cells according to the procedure of Wick et al. (14). The resulting glucose 
was then converted to the phenyl-p-glucosazone in accordance with the 
method of Aronoff and Vernon (15). 2 of the 4 residues were worked up 
in this way; namely, the experiments with CMH, COOH and CH. 
C“OOH as substrates. 

C™ Activity Measurements—Measurement of the CM activity was carried 
out with an ionization chamber developed by Bale et al. (3) for assaying 
the C content of biological materials. The application of this method is 
briefly described elsewhere (3). 


Results 


The data obtained are presented in two different ways; namely, in terms 
of specific C activity and in terms of the “specific relative isotope concen- 
tration” (RIC) (16). Table V shows the extent of the utilization of the 
variously labeled substrates for the synthesis of the dihydrotetrapyrrole 
skeleton of chlorophyll as well as for carbon atom C11. It should be noted 
that the a-carbon atom of acetate contributes 3 to 5 times as much to the 
biosynthesis of the methylpheophorbides as does the a-carbon atom of 
glycine, whereas the contribution of the carboxyl carbon atom of acetate is 
intermediate. Perhaps the most noteworthy finding is the significant level 
of incorporation of the carboxyl carbon atom of glycine into the methyl- 
pheophorbides, although the isotope concentrations in the methylpheophor- 
bides derived from carboxyl-labeled glycine are from one-half to one-eighth 
of those resulting from utilization of the other carbon atoms of acetate and 
glycine. From these findings it is concluded that, contrary to the mam- 


The definition of RIC is used in accordance with Anker’s terminology. In the 
present instance RIC is used in the sense of specific relative isotope concentration. 
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malian organism (5, 17), C. vulgaris utilizes the carboxyl carbon atom of | 
glycine for the synthesis of tetrapyrrole-like structures. tr 
The contribution of the carbon atoms of acetate and glycine to carbon be 
atom C11 can be calculated from the difference of C activity in methyl- pa 
pheophorbide a and chlorin e, respectively. Such calculations reveal, as : 
is shown in Table V, that the activity of carbon atom CI constitutes from vie 
25 to 50 per cent of the total Cc activity of methylpheophorbide a. tiv 
For the purpose of comparing the utilization of the various substrates for for 
chlorophyll synthesis and synthesis of other cell constituents, phenyl-p- an 
glucosazones were isolated as described above. The specific activities and ] 
ato 

TaBLe V ph) 

| Ci Activities and RIC of Chlorophyll Derivatives 5 dat 
“Specific activity of calc 

fror 

Specific Per cent of , 

Substrate activity of 2 42 * — 22 adminiote deri 
ad incorporated rati 

| | | tetr 

C“H,COONa...... 2.0 6.5 4.4 7.0 0.32 0.22 0.38 0.10 10 11 
CH;C“OONa...... 1.5 5.2 2.5 4.3 0.35 0.17 0. 0.18 10 acet 
NH.C"H;COOH.. 2.9 2.8 1.6 2.1 0.10 0 0.07 0.04 6 SIS O 
NH:CH:C“OOH..| 0.7 0.3 0.2 0.3 0.04 0.03 0.04 0.01 
* Specific activity X 10° = disintegrations per minute per mg. of carbon. 1 

t Specific activity X 10‘ disintegrations per minute per mg. of carbon. e 

t This value was calculated from the difference between methylpheophorbide a are | 
and chlorin és. agree 
IX n 

RIC values are presented in Table VI. The RIC values indicate that the exclu 
utilization of the substrates in question is significantly lower than in chlo- Th 
rophyll synthesis. It should be pointed out that the values in Table VI | the | 
have not been corrected for the amount of inert glucose added to the [| quest 
growing medium (see Table I) (9). the le 
obvio 

DISCUSSION 


Because of the chemical similarity between the structures of chlorophyll and t 
and hemin one might have expected a far reaching resemblance of the specif 
biosynthetic mechanisms leading to these two compounds. Although the milita 
basic biosynthetic events may not differ widely in the two systems, diver-  glycin 
gence in the metabolic utilization of the two substrates studied might that c 
obscure otherwise parallel processes. A clear understanding and interpre 
tation of such divergences would presuppose a detailed knowledge of the 
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metabolism of acetate and glycine in plant tissue. Unfortunately, in con- 
trast to the work on mammalian tissues, relatively few investigations have 
been carried out with plants concerning the elucidation of the metabolic 
pathways involved in the utilization of the two substrates in question. 

An interpretation of the data will be attempted from three points of 
view: (1) the differences between the various substrates and their respec- 
tive carbon atoms, (2) the utilization of the carboxyl carbon atom of glycine 
for the biosynthesis of the dihydrotetrapyrrole structure of chlorophyll, 
and (3) the metabolic sources of carbon atom 11. 

It is of interest to compare the respective contributions of the a-carbon 
atoms of glycine and acetate to the dihydrotetrapyrrole structure of chloro- 
phyll with their contributions to protoporphyrin IX as calculated from the 
data of Wittenberg and Shemin (12, 18). For this purpose ratios were 
calculated for RIC values of chlorin e and mesoporphyrin as obtained 
from variously labeled substrates. Thus the ratio of RIC of chlorin e. 
derived from a-C'*-acetate and a-C"-glycine was compared with a similar 
ratio for mesoporphyrin. In the same manner the RIC ratios of the two 
tetrapyrrole derivatives obtained from a- and carboxyl-labeled acetate were 
compared. Such a comparison reveals that the RIC ratios in question are 
of the same order of magnitude, indicating that the a-carbon atoms of 
acetate and glycine may be considered specific precursors in the biosynthe- 
sis of the dihydroporphyrin structure of chlorophyll. Although minor dif- 
ferences in the RIC values of plant and vertebrate systems exist, it appears 
reasonable to assume on the basis of the preceding discussion that the 
a-carbon atoms of acetate and glycine and the carboxyl atom of glycine 
are utilized by both systems in a similar manner. It is obvious that 
agreement of the RIC values for dihydroporphyrins and protoporphyrin 
IX may be fortuitous, and for this reason other possibilities cannot be 
excluded at this time. 

The unexpected participation of the carboxyl carbon atom of glycine in 
the biosynthesis of the dihydroporphyrin of the chlorophyll raises the 
question as to how chlorophyll synthesis differs from hemin synthesis; in 
the latter case the carbon atom in question is not utilized (5, 17). One 
obvious route by which the carboxyl atom of glycine would find its way 
into chlorophyll is by CO: assimilation, wherein glycine is decarboxylated 
and the resulting CO; assimilated by the plant (19). However, the high 
specific activity found in the resulting methylpheophorbides would tend to 
militate against such a postulate. It is therefore more likely that either 
glycine metabolism in the plant differs from that in vertebrate systems or 
that certain aspects of chlorophyll synthesis differ from hemin synthesis as 
far as participation of the carboxyl carbon atom of glycine is concerned. 
It is apparent from the data presented in Table VI that the carboxyl 
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carbon atom of glycine is as readily available for carbohydrate synthesis | 


as the a-carbon atom of acetate. This might be interpreted to mean that 
the carboxyl carbon atom of glycine is involved in the formation of a 
metabolite participating in the tricarboxylic acid cycle and in this way in 
the synthesis of glucose. The demonstrated fact that the contribution of 
the carboxyl carbon atom of glycine equals that of the a-carbon atom of 
acetate as far as glucose synthesis is concerned suggests that the metabolic 
pathway mentioned above is more prevalent in Chlorella than in mam- 
malian tissue where the contribution of glycine to carbohydrate synthesis 
is considerably smaller than that of acetate (20-22). These considerations 
may have an important bearing on the differences between Chlorella and 
mammalian tissues as far as participation of carboxyl-labeled glycine is 
concerned. Further elucidation must await degradation studies of chloro- 
phyll formed from carboxyl-labeled glycine. 


Taste VII „ 
Ci Activities of Phenyl-p-glucosazones 
| Specific activity of 
10.7 6.4 & 10" 
ͥ 6.4 9.1 X 10 


* Specific activity Xx 10? = disintegrations per minute per mg. of carbon. 


In an examination of the CM activities of carbon atom C11 derived from 
the variously labeled substrates one is struck by the fact that the per cent 
of the total methylpheophorbide carbon activity present in carbon atom 
Cl does not vary significantly with variations in substrate labeling. It is 
furthermore apparent that the specific activity of the carbon atom in 
question is relatively high, perhaps reflecting the existence of only few 
metabolic steps intervening between the esterification process and the sub- 
strate administered. It may be conjectured that carbon atom C11 origi- 
nates from a pool consisting of a symmetrical intermediate derived from 
either acetate or glycine; e.g., glycine might give rise to a symmetrical 
intermediate such as glyoxal hydrate. More information concerning the 
metabolism of acetate and glycine in Chlorella must be available before the 
observations concerning carbon atom C11 can be explained. 

The data presented here throw light on another problem incidental to 
this study; namely, the interrelationship between chlorophylls a and b. 
Although it has been postulated that chlorophyll b may be derived from 
chlorophyll a, our data do not favor such a concept, since the isotope 
concentrations of methylpheophorbides a and b are of the same order d 
magnitude. If chlorophyll ö is derived from chlorophyll a, one would 
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expect a greater dilution of the isotope concentration in methylpheophor- 
bide b than is observed. Therefore it would seem more likely that chloro- 


phylls a and b are derived from a common precursor, but are not inter- 


convertible. 


The utilization of the carbon atoms of acetate and the a-carbon atom of 
glycine by Chlorella vulgaris in the biosynthesis of the dihydrotetrapyrrole 
structure of chlorophyll has been demonstrated. 

The carboxyl carbon atom of glycine is also utilized in this system. 
Degradation of methylpheophorbide d to chlorin e, reveals that carbon 
atom CI contains 25 per cent of the total CM activity of methylpheophor- 
bide a. 

From the isotope concentrations found in methylpheophorbides a and 
b it is concluded that chlorophylls a and b are not interconvertible. 


The authors are indebted to Mrs. Carolee Arbeit for carrying out the 
C determinations and to Mrs. Pearl S. Miller for the preparation of the 


glucosazones. 
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The recent development by Craig (1-3) of an all-glass machine for liquid- 
liquid counter-current fractionation makes possible the application of his 
method to the separation of porphyrins which cannot readily be separated 
by the sensitive Willstätter HCl number” method. In this paper we have 
studied the application of the Craig method to the separation of a mixture 
of three known porphyrins, using the Willstätter system of aqueous HCl 
and ether. 

The principle of separating porphyrins by liquid-liquid partition was first 
used in 1906 by Willstätter and Mieg (4). In their method, the porphyrin 
mixture was dissolved in ether and the ether solution was extracted suc- 
cessively with equal volumes of increasingly higher concentrations of aque- 
ous HCl. They defined a partition value called the HCl number as that 
per cent of HCl (in gm. per 100 cc.) in the aqueous phase which would 
extract two-thirds of the porphyrin from the ether phase when the volume 
of the aqueous phase saturated with ether was equal to the volume of the 
ether phase saturated with water. In 1937 Zeile and Rau (5) attempted 
to extend the method of Willstätter and Mieg to the separation of a mix- 
ture of two porphyrins that differed only slightly in their HCl numbers, 
namely deuteroporphyrin (HCl number = 0.36) and mesoporphyrin (HCl 
number = 0.60) (Fig. 1). They calculated that, starting with a 1:1 mix- 
ture of these porphyrins, it should be possible to obtain one-third of the 
mesoporphyrin admixed with only 1.3 per cent of deuteroporphyrin after 
60 successive extractions. The Craig method, as we shall see below, per- 
mits a complete separation of these two porphyrins, uncontaminated with 
each other, and at the same time has made possible the recognition of 
unsuspected porphyrin impurities in the original crystalline materials. 

Technical and Theoretical Considerations 

Apparatus, Phases, and Porphyrin Concentration Bunds The Craig ma- 

chine used in our work consists of 100 glass tubes connected with each 


This is the sixth in a series of papers on porphyrins and related compounds. 
t Merck Fellow in the Natural Sciences of the National Research Council. 
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other in series. With this machine two kinds of manipulations are possible, 
namely a transfer and an equilibration. Details of the apparatus and its 
manipulation have been described by Craig and coworkers (1-3). 

In the experiments to be described for porphyrin separation the phases 
used are ether and aqueous HCl. The over-all effect of the progressive 
transfers in the machine is to cause a series of upper phase portions to pass 
over a series of lower stationary phases. If a mixture of porphyrins is 
present, the porphyrin with a greater relative affinity for the ether phase 
(i.e. the porphyrin with a higher partition coefficient A, or the porphyrin 
with a higher HCl number) will tend to progress more rapidly along the 
series of tubes, since it is the ether phase that is being transferred to the 
next successive tubes. If the partition ratios of the porphyrins are suff- 
ciently different, each porphyrin may come to occupy a series of tubes and 
appear as a discrete pink concentration band. In a band region, a plot of 
the concentration of the porphyrin per tube versus tube number should 


H" CH; 


Fic. 1. Deuteroporphyrin isomer 9; the lower half of the molecule is not shown. 
Replacement of both H* atoms by —-CHOH—CH, = hematoporphyrin, —CH.--CH, 
= mesoporphyrin. 


form a bell-shaped curve, the Gaussian curve of error (see Fig. 3). By 
visual inspection, the number of bands and their degree of separation or 
overlapping can be readily seen. In the purification of a porphyrin, for 
example, conditions can be arranged so that at the end of the experiment 
the purified porphyrin will occupy a series of tubes in the middle of the 
machine and impurities will occupy tubes on either side. Such a distribu- 
tion into three band regions would be due to differences in the respective 
K values of the three porphyrins. 

Partition Coefficient—K, the partition coefficient, or distribution coeffi- 
cient, is the ratio of the concentration C, of porphyrin in the upper phase 
to the concentration C: in the lower phase; i. e., K = :. For fractiona- 
tion in the Craig machine it is desirable to select a two-phase system in 
which the porphyrin, whose purification is desired, has K = 1. This means 
that after 100 transfers the porphyrin will appear as a concentration band 
occupying the middle thirty tubes of the apparatus (see Equations 2 and 
3). Such a K value can be obtained for any particular porphyrin by se- 
lecting an appropriate concentration of HCl as the aqueous phase. 

If the K of a porphyrin at one particular concentration of HCI is known, 
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then one may calculate approximately the K of the porphyrin at another 
concentration of HCl from the following equation, 


(1) K. (HCl, = K, (HCL? 


where K. is the partition coefficient of a porphyrin at a given HCl concen- 
tration a of the aqueous phase, and K, is the partition coefficient of the 
porphyrin at another HCl concentration b of the aqueous phase. This 
approximate equation may be applied if the concentration of HCl does not 
greatly exceed 0.1 * (5); otherwise, corrections for activities must be ap- 
plied. For example, with this formula, one may calculate the HCl con- 
centration at which a porphyrin has a K of 1.0, if the HCl number of the 
porphyrin is known, since by definition the HCl number of a porphyrin 
represents a concentration of HCl in per cent (gm. per 100 cc.) at which 
the partition coefficient of the porphyrin is 0.5. 

If the HCl number of a porphyrin is not known, an estimate of the value 
of the partition coefficient may be obtained from a comparison of the struc- 
ture of this porphyrin with similar porphyrins and from a consideration of 
the following rules. (1) Porphyrins with resonating side chains (vinyl, for- 
myl, etc.) at the 8, 8’ positions of the pyrroles will tend to have a higher 
partition coefficient than porphyrins lacking such side chains. The reason 
for this effect is that the resonating side chains depress the pK of the ring 
nitrogens. Since the diacid form of the porphyrin, which carries 2 protons 
at the ring nitrogens, is insoluble in ether and since the neutral form of the 
porphyrin is insoluble in the aqueous acid, a depression of the pK of the 
ring nitrogens will tend to retain more of the porphyrin in the upper ether 
phase. (2) The partition coefficient of a porphyrin will also be influenced 
by the number and kinds of side chains. The presence of hydrophilic side 
chains, such as those containing COOH or OH, will tend to decrease the 
partition coefficient, whereas aliphatic side chains will tend to increase the 
partition coefficient. 

The K of a porphyrin may be estimated experimentally by distributing 
the porphyrin between the two solvents in a separatory funnel and measur- 
ing the amount of pigment in each phase after equilibrium is attained. 
This measurement can be made readily spectrophotometrically at appro- 
priate wave-lengths. An accurate value for K is obtained by use of Equa- 
tion 2 after a fractionation has been made in the Craig machine (2, 3). 

Rapid Method for Determining Partition Coefficient in Each Tube of Band 
Region When the porphyrins have been separated by counter-current dis- 
tribution, it is often desirable to determine not only the total concentration 
of porphyrin in each tube of the machine, but the K value per tube as well. 
These determinations can be made rapidly by using a modified Beckman 
test-tube holder attached to the spectrophotometer in place of the cus- 
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tomary cell holder. The Beckman test-tube holder has been modified by 
having a hole cut through its bottom plate (Fig. 2). The test-tubes, 
20 X 150 mm., used are selected for optical uniformity and for a light path 
deviating no more than +1 per cent from the mean. When the test-tube 
is filled with 10 cc. of each of the two liquid phases and placed in the tube 
holder so that the lip of the tube touches the first or upper stop, the lower 
phase will be in the light path; by pushing the tube down so that the lip 
of the tube touches the second stop, the upper phase will now be in the 
light path. By selecting an isosbestic point (in our apparatus it was 579 


Fic. 2. Modified test-tube holder for the Beckman spectrophotometer. In the 
position shown, the absorption of the upper phase can be determined. By raising 
the tube to the upper stop, the absorption of the lower phase can be determined. 


my for deuteroporphyrin), the extinction of the upper and lower phases 
can be determined at the same wave-length. It was found best to deter- 
mine the extinction against an air blank and then to correct for the water 
blank. In this way the extinctions of both the upper and lower phase of 
each of 100 tubes could be determined in less than 2 hours. 

Equations Used in Two-Phase Counter-Current Fractionation and Their 
Application to Porphyrin Separations—The theoretical basis for the distri- 
bution of solutes in the Craig apparatus and appropriate equations for the 
application of the theory are discussed by Craig (1, 3). A few equations 
which are immediately pertinent to this paper and which were used in 
selecting conditions for the separation of porphyrins and for the analysis 
of data are given below. These equations are applicable if the number of 
transfers exceeds twenty and if the K values are not too far from unity. 
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The number of the tube N in the Craig apparatus which will contain 
the maximal concentration of a porphyrin is given by Equation 2 


K 
@ . 


where n is the total number of transfers and K is the partition coefficient 
of this porphyrin. 

The number of tubes over which 99 per cent of the solute is distributed 
after n transfers can be calculated from Equation 3. 


(3) W = 6VnK/(K + 1) 


Thus W is the width of a concentration band. Given the K values of two 
porphyrins in a particular two-phase system, Equations 2 and 3 permit the 
calculation of the extent to which the bands of the porphyrins would over- 
lap each other or be separated from each other in n transfers. An example 
of such a calculation is given in Experiment 3 below. 

A curve for the theoretical distribution of each porphyrin in the tubes 
of the apparatus can be constructed by applying Equation 4. 


(4) r = ze where Z = 4 


antilog Z 

Yo is the total concentration of porphyrin in both phases of tube N. (For 
example, for the central band of Fig. 3, Yo is 1.13 mg.) Yz equals the 
total concentration of porphyrin in tube x. (For these calculations tube N 
is numbered 0 and the tubes on either side of N are numbered +1, +2, 
+3, etc., and —1, —2, —3, ete. The theoretical curve is symmetrical 
about N, so the total concentration of solute in tube x = +1 is the same 
as that in z = —1.) 

Overloading—Because the porphyrins are relatively insoluble compounds, 
a limit is set to the quantity of porphyrins that can be separated in the 
Craig machine at any one time. One way to overcome this concentration 
effect is to scatter the initial porphyrin solution in the first six to seven 
tubes of the apparatus (2). This procedure does not result in any appreci- 
able distortion of the shape of the distribution curve from that to be 
expected from theory (see Experiment 4 below). Another way to over- 
come the overloading is to add some additional component to the two- 
phase system to increase solubility. This has been investigated in Experi- 
ments 2 and 3 and its advantages and disadvantages are discussed. 


EXPERIMENTAL 


Experiment 1 demonstrates that the porphyrins used behave as solutes 
which conform to the partition law and that marked deviations from the 


theoretical curves (Fig. 3) represent porphyrin impurities. 
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The phases used were prepared by equilibrating 1500 cc. of 0.085 x 
aqueous HCl with 1500 ce. of ethyl ether free from peroxides. A mixture 
of 19 mg. of hematoporphyrin-2HCI, 25.2 mg. of deuteroporphyrin -2HCI, 
and 25.5 mg. of mesoporphyrin (Fig. 1) was dissolved in a solvent consisting 
of 7 cc. of aqueous phase plus 3 cc. of tetrahydrofuran. The tetrahydro- 
furan was added to increase the solubility of the porphyrins. This solution 
was placed in Tube 0 of the counter-current apparatus. After several 
transfers had been made, thus diluting the tetrahydrofuran, a sludge was 
formed at the interphase, indicating oversaturation or overloading with 
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Tube No 
Fic. 3. Counter-current fractionation in a Craig machine of «a mixture of hema- 
toporphyrin, deuteroporphyrin, and mesoporphyrin, with ether and 0.1 X HCl. The 
concentration of porphyrin contained in each tube of the machine is plotted against 
the tube number as abscissa. The first concentration band at the left represents 
hematoporphyrin, the second represents deuteroporphyrin, and the third represents 
mesoporphyrin. The dash curve is the distribution to be expected from partition 


theory. 


porphyrins. This sludge gradually disappeared during the next ten trans- 
fers. During a period of 6 hours a total of 118 transfers was made. The 
room temperature at the start was 22° and rose to 25.5° by the end of the 
experiment. 

At the end of the experiment the three main porphyrin components had 
separated into three broad “concentration bands,” each band being pink 
in color and occupying a group of tubes (Fig. 3). The first band, repre- 
senting hematoporphyrin, extended from Tubes O to 17. The second band, 
representing deuteroporphyrin, extended from Tubes 40 to 70, and the 
third band extended from Tubes 75 to 101. Tubes 100 to 118 represent 
porphyrins withdrawn from the end of the machine. Fig. 3 is a plot of 
porphyrin concentration as ordinate versus tube number as abscissa. 
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Deviations from theory are evident. A minor deviation is to be ex- 
pected because of the gradual increase in temperature during the experi- 
ment. A more serious deviation is caused by porphyrin overloading at 
the start of the experiment, which would result in a broadening of the 
concentration band. A broadening is observed in the second, i. e. deutero- 
porphyrin band, suggesting that it was this porphyrin which formed a 
major part of the sludge. 

Greater deviations from theory are probably to be ascribed to porphyrin 
impurities. For example, the second or deuteroporphyrin band is unsym- 
metrical, indicating impurities in Tubes 59 to 71. Evidence that this 
deviation can be accounted for by at least one porphyrin impurity has 
been obtained by a paper chromatography method to be published later. 
By this method, Tubes 62, 65, and 67 have been found to contain besides 
deuteroporphyrin one additional porphyrin which has an Rp, value between 
that of deuteroporphyrin and mesoporphyrin. Considering the method 
of preparation of deuteroporphyrin, its distribution in the counter-current 
machine, and its Rp value, the unknown porphyrin may well be a monoethyl 
deuteroporphyrin (i.e., in which an H at the 2 or 4 position (Fig. 1) is 
replaced by an ethyl group). From a comparison of the areas under the 
experimental and theoretical curves, it may be estimated that the original 
crystalline deuteroporphyrin might have contained as much as 10 to 15 
per cent of this impurity. 

Another impurity is evident in Tubes 110 to 118. Observation by a 
hand spectroscope revealed a sharp band at 645 my, suggesting that one of 
the porphyrins present here was a porphyrin oxidation product. Other 
impurities are suggested by deviations of the curves from theory. For 
example, some impurities are possibly present in Tubes 20 to 35. Also an 
impurity is suggested by the region of the curve representing Tubes 94 to 
106. 

In practice, these minor impurities may be eliminated by discarding the 
contents of certain tubes. Thus, Tubes 9 to 44, Tubes 60 to 80, and Tubes 
95 to 119 may be discarded without appreciable sacrifice of the major 
components. 

In Experiment 2 the influence of tetrahydrofuran as a component of the 
two-phase system on the solubility and separation of the porphyrins was 
studied. The two phases were made by equilibrating 1200 cc. of 0.100 N 
aqueous HCl plus 300 cc. of tetrahydrofuran with 1500 cc. of ether. The 
acidity of the aqueous phase was 0.089 x. The tetrahydrofuran used was 
freshly distilled over Na to free it of peroxides. The following amounts of 
porphyrin were used in the experiment: 6.5 mg. of crystalline hematopor- 
phyrin-2HCl! which had undergone a purification by the counter-current 
procedure described in Experiment 1, 22 mg. of deuteroporphyrin-2HCIl, 
and 19 mg. of mesoporphyrin. A total of 120 transfers was made. The 
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788 SEPARATION OF PORPHYRINS 
results of the experiment are presented in Fig. 4, at the top of which are 
plotted the K values or partition coefficients of the porphyrins in the 
respective tubes. 

The solubility characteristics of the porphyrins in the two phases were 
found to be appreciably enhanced by the presence of tetrahydrofuran, no 
sludge being formed even during the first transfers. The partition coeffi- 
cients or K values of deuteroporphyrin and mesoporphyrin were 0.875 and 
2.63, respectively, as compared to values obtained in the aqueous HCl-ether 
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Fic. 4. Fractionation of the mixture of three porphyrins in an aqueous ICI 
tetrahydrofuran-ether system. The K values (partition coefficients) per tube in a 
band region are plotted at the top of the figure; deviations of K from the mean indi- 
cate the presence of porphyrin impurities. 


of Experiment 1 (0.816 and 2.93). Using Equations 2 and 3 to calculate 
the tube numbers of the band maxima and the number of tubes over which 
the band is spread, one may calculate that for 100 transfers there would 
have been, in the presence of tetrahydrofuran, a separation of two tubes 
between the extreme ends of the bands and a separation of one tube in the 
absence of tetrahydrofuran. Thus, the property of the aqueous HCl-ether 
phases to separate deuteroporphyrin from mesoporphyrin was not appre- 
ciably affected by the presence of tetrahydrofuran. 

Comparison of the plotted values of Fig. 4 with the theoretical curves 
shows that the second or deuteroporphyrin band fits the theoretical curve 
rather well, whereas the third or mesoporphyrin band does not. To deter- 
mine whether these deviations were due to some physical defect or to 
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impurities, the partition coefficients of the porphyrins in the tubes were 
determined. As will be seen at the top of Fig. 4 the K value for deutero- 
porphyrin is constant from Tube 47 to Tube 63. Tubes 47 to 63 may be 
considered to contain pure deuteroporphyrin (i.e. pure as far as this par- 
ticular fractionation will permit). Discarding the other tubes of the band 
which contain impurities would entail a loss of only 15 per cent of the 
total deuteroporphyrin. 

Considering the third or mesoporphyrin band, the K values suggest that 
impurities are present on either side of the band maximum. Evidently 
the effect of the tetrahydrofuran has been to change the K values of certain 
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Fig. 5. Fractionation of the mixture of the three porphyrins in an aqueous HCI- 
acetone-ether system. The dash curve is that to be expected from partition theory. 


impurities so that the impurities now lie in the region of the mesoporphyrin 
band. 

Although the addition of tetrahydrofuran to the aqueous HCl-ether 
phases has the desirable effect of making the porphyrins soluble and of not 
diminishing the spread between the partition coefficients, it has been found 
to form peroxides during the course of the experiment. This undesirable 
property led us to investigate the use of acetone. 

In Experiment 3 the influence of acetone as a component of the two- 
phase aqueous HCl-ether system on the solubility and separation of the 
porphyrins was studied (Fig. 5). It was found that although acetone in- 
creased the solubility of the porphyrins it had the undesirable effect of 
diminishing the difference between the partition coefficients of deutero- 
porphyrin and mesoporphyrin; 1. ., of diminishing the distance between 
the two bands. 
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The phases were prepared by equilibrating 1200 cc. of 0.100 & HCl plus 
300 cc. of c.p. acetone with 1500 cc. of ether. The acidity of the aqueous 
phase was 0.081 x. The crystalline porphyrin mixture contained 25 mg. 
of hematoporphyrin · HCl, 25 mg. of deuteroporphyrin-2HCI, and 22 mg. 
of mesoporphyrin. The presence of the acetone diminished the difference 
between the partition coefficients of deuteroporphyrin (K = 0.576) and 
mesoporphyrin (K = 1.33). It was therefore necessary to increase the 
total number of transfers to 156 in order to obtain a separation of the two 
bands. The decrease in separating properties of the phases containing 
acetone, compared to the phases lacking acetone, is made evident by a 
calculation similar to the one described in Experiment 2. Assuming 100 
transfers in the case of the phases containing the acetone, the extremes of 
the bands of deuteroporphyrin and mesoporphyrin would overlap by seven 
tubes, whereas in the phase system lacking acetone the extremes of the 
two bands would be separated by one tube. 

To determine how well the impurities in the porphyrin mixture could be 
removed, the contents of the Tubes 1 to 15, Tubes 40 to 65, and Tubes 
80 to 110 were collected and used for Experiment 4. The porphyrins were 
transferred to ether, and the ether phase was washed with water and 
evaporated to dryness. 

In Experiment 4 the purified porphyrins of Experiment 3 were used and 
the purity of the separated porphyrins was examined. The two-phase 
system was prepared by equilibrating 1500 cc. of aqueous 0.100 * HCI with 
1500 cc. of ether. The acidity of the aqueous phase was 0.090 N. The 
porphyrins to be separated were obtained from the selected tubes of Ex- 
periment 3. This porphyrin mixture was dissolved in 3 cc. of acetone, to 
which were added 47 cc. of aqueous phase. (This small amount of acetone 
does not affect the phase distribution, since it is rapidly diluted during 
successive transfers.) 10 cc. of this aqueous solution were added to each 
of the first five tubes, together with 10 cc. of ether. In this way the por- 
phyrin mixture was distributed equally over the first five tubes. This 
initial distribution of the porphyrins was made in order to avoid overload- 
ing. Such an initial distribution causes the final shape of the curve of a 
concentration band to be only slightly broadened towards its base. Prae- 
tically, the number of initial tubes in which one may distribute the por- 
phyrins is found to be about 20 per cent of the expected band width (2). 
The band width can be calculated from Equation 3. & total of 128 trans 
fers was made. The room temperature was 20.0° at the start and rose to 
22° by the end of the experiment. 

The results of Experiment 4 are presented in Fig. 6. They indicate that 
the bands of deuteroporphyrin and mesoporphyrin closely approximate, 
with minor deviations, the curves calculated from theory. To determine 
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whether these minor deviations represent impurities, the K values were 
determined and have been plotted in the upper part of Fig. 6. The K 
values of deuteroporphyrin deviate from a straight line at Tube 53. This 
deviation of the K values is a sensitive test for the presence of an impurity. 
By paper chromatography, contents of Tubes 50 to 60 were examined for 
impurities; only in Tube 58 was there evidence of a trace of a porphyrin 
other than deuteroporphyrin. Tube 62 was found to contain deuteropor- 
phyrin, but no mesoporphyrin, and Tubes 68 and 70 contained mesopor- 
phyrin, but no deuteroporphyrin. An estimate of the maximal possible 


— 
1 


— 


porphyrin 


Mg 


Fic. 6. Refractionation of the mixture of the three porphyrins purified by a 
previous counter-current fractionation. The K values per tube in a band region 
are plotted at the top of the figure. The dash curve is that calculated from par- 


tition theory. The dotted curve represents the difference between the experi- 
mental and theoretical curves. 


impurities in the deuteroporphyrin and mesoporphyrin curves may be ob- 
tained by subtracting the experimental from the theoretical curve. From 
comparison of these areas with the total areas under the curves, the max- 
imal impurity is calculated to be about 4.3 per cent in the case of deutero- 
porphyrin and 4.2 per cent in the case of mesoporphyrin. By selecting the 
contents of Tubes 40 to 52 and Tubes 80 to 95 impurities in these com- 
pounds may be eliminated. 

Tubes 105 to 128 have been plotted in Fig. 6 on the assumption that 
the porphyrins in these tubes have an extinction coefficient similar to that 
of mesoporphyrin. Paper chromatography has revealed the presence only 
of mesoporphyrin in Tube 105. In Tube 115 there are present two uniden- 
tified porphyrins, neither of which is mesoporphyrin. In Tube 120 three 
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unidentified porphyrins are present. These porphyrin impurities are of 
course small in amount. They have a high K value, and thus they would 
tend to move more rapidly than the main porphyrin constituents. 


SUMMARY 


The Craig counter-current method has been applied to the fractionation 
of a known mixture of three porphyrins. It has been found that the 
porphyrins behave like ideal solutes in the two-phase system and hence the 
degree to which they can be separated can be predicted from theory. 
Certain deviations from theory have been found, but it is shown by paper 
chromatography that these deviations are due to unsuspected impurities 
which were present in the original crystalline porphyrins. 

Practical manipulative procedures in the application of the Craig ma- 
chine are considered. Because of the low solubility of porphyrins, the 
effect of adding tetrahydrofuran or acetone to the two-phase system to 
increase the capacity of the machine was examined, and the advantages 
and disadvantages of this procedure are discussed. A modification of a 
Beckman test-tube holder is described by means of which rapid determina- 
tions may be made of the concentration of porphyrin in both the upper 
and lower phases. Methods are discussed for the determination or estima- 
tion of the partition coefficients of the porphyrins. The application of 
specific equations for the selection of ideal conditions to carry out a separa- 
tion of certain porphyrins is described. 


We desire to express our gratitude to Dr. Lyman C. Craig for his advice 
and interest in this study. 
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PROTOPORPHYRIN PRECURSORS PRODUCED BY A 
CHLORELLA MUTANT“ 
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(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
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(Received for publication, July 21, 1952) 


Studies on porphyrin pigments isolated from a number of Chlorella mu- 
tants have been reported in several previous papers. On the basis of these 
studies there has been formulated a biosynthetic chain leading from pro- 
toporphyrin through a series of intermediate compounds to chlorophyll 
(I. 2). Now another mutant Chlorella, W,B-17, has been isolated which 
produces a number of porphyrins that appear to be precursors of proto- 
porphyrin. In this paper will be reported the growth and culture of this 
mutant, the method of isolation of the crude porphyrin mixture, and meth- 
ods that have been used to obtain information on the nature of the com- 
ponents of the mixture. Subsequent papers will be concerned with the 
isolation and identification of the specific porphyrin components. 

Workers, in the past, who have attempted to study the precursors of 
protoporphyrin have been limited in material primarily to the porphyrins 
excreted by patients with the rare porphyrinuria and porphyria diseases. 
This new mutant now makes available potentially unlimited quantities of 
several of the precursors and should provide further information on the 
steps in the biosynthetic chain of heme and chlorophyll. 


EXPERIMENTAL 


Separation of Mutant Celle The mutant cells of W,B-17 arose by ultra- 
violet irradiation of a previous mutant, W,B, which had been found to 
accumulate only a single porphyrin, ie. protoporphyrin, in its cells (3). 
Cells of W,B grown on agar medium for 8 days were suspended in distilled 
water at a concentration of about 10 cells per ce. and placed in a dish to 
form a layer of liquid suspension 1 em. high. The dish was covered with 
a quartz plate. The suspension was irradiated for 6 minutes with light 
from a 15 watt General Electric germicidal lamp at a distance of 30 em. 
above the dish. The irradiated cells were then plated out on a solid 
medium consisting of glucose, inorganic salts, and agar and grown in the 
absence of light. From among the dark brown colonies that developed, 
pale brown ones were selected. On further cultivation on solid medium of 


This is the seventh in a series of papers on porphyrins and related compounds. 
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the cells from one of these pale brown colonies it was observed that toward 
the end of the rapid period of growth (some 5 to 7 days) the agar below 
the cells became diffusely pink. The pink-colored agar fluoresced red in 
ultraviolet light, indicating that porphyrins, more soluble than protopor- 
phyrin, were diffusing from the cells into the medium. The cells of W,B-17 
range in size from 3.3 u for the younger to 10.7 fr for the older cells. About 
one-tenth of these mutant cells contains brown granules lying singly or in 
masses within the cells. The remainder of the cells is colorless. The 
brown material in the cells was found to consist of several porphyrins 
besides protoporphyrin. 

Porphyrin Fractions from Cells Grown on Solid Medium In order to 
obtain sufficient amounts of pigment for study, two methods of culture 
were used. The first was growth of the cells on agar medium in 50 Blake 
bottles for 3 weeks. Each bottle contained 1 liter of medium. Each liter 
of medium contained 20 gm. of agar, 7.0 gm. of glucose, 1.5 gm. of KNO,, 
1.5 gm. of Ca(NO;)2-4H,0, 2.4 gm. of MgSO,-7H,0, 0.60 gm. of KH,PO,, 
0.71 gm. of K;HPO,, 40.0 mg. of FeCl, 0.05 mg. of MnSO,, 0.05 mg. of 
CuSO,, and 0.005 mg. of ZnSO,. During the period of growth the more 
soluble porphyrins diffused into the agar. It was hoped that by this pro- 
cedure the more soluble porphyrins would diffuse away from the cellular 
enzymes and that earlier porphyrin precursors might be obtained. The 
cells were harvested by washing them from the surface of the agar, and the 
porphyrins in the cells were worked up separately from the porphyrins in 
the agar. 

The fluorescent pink material from the cells that had diffused into the 
agar was extracted from the agar with acidified acetone. To each of the 
50 Blake bottles containing a liter of solid agar medium on which the 
Chlorella had grown were added 500 cc. of acetone plus 25 ce. of concen- 
trated HCl. After standing for 10 minutes the agar was shaken out into 
a large crock and comminuted by stirring with a large power beater to 
permit rapid extraction of the porphyrins. The suspension was then fil- 
tered through large fluted filters. The total volume of filtrate was @ 
liters. The filtrate was distilled under a vacuum at 30° to half its volume 
to yield an acid aqueous solution. Fatty materials were removed from 
this solution by extraction with petroleum ether (b.p. 60-70°). The acid 
aqueous solution was brought to pH 3 to 4 with 640 cc. of concentrated 
NH,OH. The porphyrins were extracted into 3.5 liters of amyl alcohol. 
From the amyl alcohol solution, the porphyrins were extracted into aqueous 
solution with 300 cc. of IN NaOH, the extract brought to pH 3.4 with 
acetic acid, and the porphyrins extracted into ethyl ether. A small amount 
of pigment could not be extracted into ether and was adsorbed on fuller’ 
earth. This fraction represents highly carboxylated porphyrins. The por- 
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phyrins in the ether were extracted from the ether with 1 x HCl, brought 
to pH 3, and then extracted back into ether. The final ether solution thus 
contained most of the porphyrins which had diffused from the growing 
cells into the agar. 

The purified ether solution of the porphyrins was then fractionated by 
extraction with a series of aqueous HCI solutions of increasing acidity. 
Most of the pigment was removed from the ether with 0.01 x HCI; a small 
amount of pigment was removed with 0.025 x HCl. In addition some 
pigment was removed from the ether with 0.1 Xx HCl and with 1 x HCI. 

The cells washed from the agar were centrifuged and extracted with 
acetic acid-HCl solution and the porphyrins from the cells were extracted 
into ether as described above. The purified ether solution of porphyrins 
was then subjected to HCl fractionation. In contrast to the porphyrins 
of the agar, only relatively small amounts of pigment were extracted by 
0.01 & and 0.025 J HCl. Most of the pigment was removed with 0.6 * 
HCl. All of the porphyrins which had been recovered from the cells were 
ether-soluble. 

Porphyrin Fractions from Cells Grown in Liquid Medium—The cells were 
grown in 20 liter bottles each containing 15 liters of medium. The medium 
was the same as that described above, except that the agar was omitted. 
It was later found that better growth of this mutant could be obtained in 
the liquid medium with glucose concentrations as high as 2 to 4 per cent. 
The inorganic salt solution was autoclaved in the bottles, and the next day 
to each bottle were added a sterile 50 per cent glucose solution, an inoculum 
consisting of approximately 5 cc. of packed cells of a 10 to 14 day growth 
on solid medium, and 5 ce. of sterile Mazola oil as the defoaming agent. 
The medium was vigorously stirred by passing in cleaned compressed air 
through a coarse fritted glass aerator. The compressed air, coming from 
the power-house, was cleaned by passing it through a previously autoclaved 
pipe 4 feet long X 3 inches in diameter, filled with cotton batting and glass 
wool. Four of these bottles were run in series with traps between them 
to catch condensed moisture. At 29° pigment production was maximal in 
9 days and the contents of the bottles appeared chocolate-brown. 

At the end of this period the cells and the porphyrins were harvested in 
the following manner. To a bottle containing 15 liters of the chocolate- 
brown medium were added 30 ce. of concentrated HCI, resulting in the for- 
mation of a fine precipitate. After several hours, the acidified medium 
was filtered on a 35 em. Buchner funnel through filter paper which had 
been coated with 3 to 5 gm. of fullers’ earth. This adsorbent helped to re- 
tain the cells, the colloidally dispersed porphyrins, and the small amounts 
of porphyrins that remained in solution. (The filtrate, which was dis- 
carded, often had a pale yellow-green color; its fluorescence and revers- 
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ible oxidation suggested it to be a riboflavin-like compound.) When the 
material on the filter had dried sufficiently, it could often be peeled off 
readily from the paper. The dark brown material was stored at —40° 
until ready to be extracted. 

Per 15 liters of medium, about 100 gm. of this brown material were 
obtained with a dry weight of about 50 gm. It is estimated, from the 
optical density of a porphyrin solution extracted from an aliquot of the 
brown material, that the yield per bottle is about 1.0 gm. of porphyrin 
mixture. This yield of porphyrin is about 2 per cent of the dry weight of 
the cells and would compare favorably with the amount of chlorophyll 
which can be produced by green Chlorella cells; i. e., some 0.5 to 5.0 per cent 
of the dry weight of the green cells, depending on the condition of growth. 

To extract the porphyrins, the somewhat dry material on the filter paper 
(about 100 gm.) was stirred with a solvent made up of 98 volumes of acetic 
acid and 2 volumes of concentrated HCl and extracted by centrifuging 
three times with a total volume of 1.5 liters of this solvent. The extract 
was brought to pH 3 to 4 with concentrated NH,OH. The pigments in 
the extract were diluted with water and extracted into 6 liters of ether. 
Some porphyrin pigments which were not soluble in ether were adsorbed 
on fullers’ earth. The ether solution was washed with water and extracted 
with 1.5 liters of aqueous 1 n HCl, neutralized, and reextracted into fresh 
ether. There remained a small amount of pigment in the ether not ex- 
tractable by 1 n HCl. The main ether solution now contained the por- 
phyrins from the cells and the porphyrins which had diffused from the 
cells into the liquid medium. In addition, a small fraction of porphyrins, 
insoluble in ether, was adsorbed on fullers’ earth. 

Fractionation of the porphyrins in the ether was carried out by extracting 
the ether successively with 0.01, 0.05, 0.1, and 1.0 * HCl. This procedure 
indicated that more pigment was removed from the ether with 0.01 * HC 
than by the other HCl concentrations. 

Carboryl Numbers of Porphyrins—For a preliminary survey of the por- 
phyrins in the various HCl fractions, the paper chromatography method 
of Nicholas and Rimington (4) was used. The e, values obtained by this 
method appear to be proportional to the number of carboxyl groups per 
porphyrin molecule. In applying this procedure the solvent system was 
slightly modified to contain 10 volumes of 2,4-lutidine and 7 volumes of 
H,0. 

The results of the analyses of the ether extracts from the agar, the cells, 
and the liquid culture are given in Table I, expressed in terms of carboxy! 
numbers. It will be seen that both on solid and liquid mediums porphy- 
rins were produced which on the basis of this method may be interpreted 
to contain two, three, four, five, six, seven, and eight carboxyl groups per 
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porphyrin molecule. As was to be expected, the porphyrins extractable 
from ether with the more dilute HCl solutions (lower HCl number) were 
represented by porphyrins with higher numbers of carboxyl groups. Like- 
wise the porphyrins which were not readily soluble in ether and had to be 
adsorbed on fullers’ earth from aqueous solution included porphyrins con- 
taining seven and eight carboxyl groups. From the intensity of the spots 
on the paper it was evident that the more abundant porphyrins were those 
containing two carboxyl groups; these appeared in each fraction of HCl 


Taste I 


Presence of Porphyrina of Differing Carboryl Groups in Fractions Obtained by 
Extraction of Ether Solutions Successively with Increasing Concentrations 


of Aqueous HCI 
Porphyrins from solid medium culture 
— | Perphyrine Hquid medium 
* 
groups HCl fractions from ether HCI fractions from ether 
Fraction ! 1 * — — — 
insoluble | | Fraction 
| | | | | 
| + + | + | 
+ +] +] 
6 | oT + | + | 
: + | + 
* Adsorbed on fullers’ earth. — 


and indicated the presence of several dicarboxylic porphyrins. It is also 
apparent from Table I that highly carboxylated porphyrins accumulated 
in the liquid cultures as well as in the agar culture and that there was no 
advantage in growing the cells on solid medium. The cells grown on the 
solid medium contain most of the porphyrins, although the predominant 
ones are represented by those porphyrins which contain fewer carboxyl 
groups and are of higher HCl number; the other more soluble porphyrins 
have diffused into the agar during growth. 

Absorption Spectra of Dicarborylic Porphyrins—Studies were made of the 
absorption spectra of the porphyrins in the fractions extractable from ether 
with 0.025 x HCl, 0.05 to 0.1 * HCl, and 0.2 to0.8~ HCl. The absorption 
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spectra revealed differences in the positions of the band maxima. The 
maxima in ether for these three fractions, respectively, in the Soret region 
were at 398, 402.5, and 407 ma. 

Displacements of band positions similar to these are known to be pro- 
duced by the presence of vinyl groups, one vinyl group displacing the band 
positions 4 my to longer wave-lengths, and two vinyl groups displacing the 
band positions 8 my to longer wave-lengths. Since paper chromatography 
had shown that the principal components in each HC! fraction were di- 
carboxylic porphyrins, the spectral data suggested that the 0.2 to 0.8 * 
HCl fraction contained a divinyl dicarboxylic porphyrin, which proved to 
be protoporphyrin, that the 0.05 to 0.1 * HCl fraction contained a mono- 
vinyl dicarboxylic porphyrin, and that the 0.025 & HCl fraction contained 
a dicarboxylic porphyrin with no vinyl group side chains. The isolation 
and identification of these latter two porphyrins will be described in sub- 
sequent papers. 

Two-Dimensional Paper Chromatography of Porphyrin E In order 
to isolate the principal dicarboxylic porphyrins, in addition to using the 
counter-current distribution method of Craig for the separation of the free 
porphyrins (5), it was found advantageous to carry out separations also of 
the porphyrin esters. The counter-current separations of the free porphy- 
rins were followed by the paper chromatography method of Nicholas and 
Rimington. In conjunction with the counter-current separation of the 
esters a modification of the paper chromatography procedure of Chu, 

zreen, and Chu (6) was used. 

Chu, Green, and Chu described their method as a unidimensional double 
development system in which kerosene-chloroform (100:65 volume per 
volume) was used as the first solvent system and kerosene-n-propy] alcohol 
(100:20 volume per volume) was used in the second development. In our 
studies it was found, with the mixtures being analyzed, that major com- 
ponents frequently obscured minor ones when the development was uni- 
dimensional. Therefore the paper was developed in two dimensions, but 
the solvent systems were used in the same sequence. The two-dimensional 
system also facilitated the accurate location of the spots. 

To facilitate the analysis a chromatography chamber was constructed 
which permitted up to fifteen papers to be run at one time. These papers 
were 18.5 em. square sheets of Whatman No. | paper that contained holes 
punched with a paper punch to permit them to be suspended on parallel 
glass rods, supported on a removable rack. The lower edges of the papers 
dipped into a tray into which solvent was poured after the atmosphere d 
the chamber had been saturated with chloroform before the first develop- 
ment and with kerosene before the second development. At the end d 
the first development, some 60 minutes, the unit consisting of the rack and 
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papers was placed in a stream of warm air to dry, preferably to dry over- 
night for strictly reproducible results. (It was found that drying the 
papers in an oven at 105°, as suggested by Chu ef al., sometimes resulted 
in the appearance of spots that suggested deesterification or other decom- 
position.) The first front was then marked under ultraviolet light, the 
papers turned 90°, resuspended on glass rods on the rack, and placed in the 
chamber that was now saturated with kerosene, the kerosene- propyl alcohol 
mixture added to the tray, and the second development started. At the 
end of the second development, about 90 minutes, the papers were partially 


Taste II 
Some Rp Values of Porphyrin Esters from Two-Dimensional Paper Chromatography 
The readings were obtained under conditions specified in the text. Temper- 


ature 30°; amount applied, 05 y. Rr Land Ry Il refer to the first and second 
directions of migrations respectively. — 


— — — « 


Compound | | 
* — — 

Hematoporphyrin IX dimethyl! | 0.08 | 0.13 

tetramethyl ester 0.89 0.86 
dimethyl ester 

ether: 0.26 | 0.46 
Monovinvl monohydroxyethy! deuteroporphyrin: | 

IX dimethyl ester 0.29 0.28 

Mesoporphyrin IX dimethyl ester. 0.34 0.81 


Protoporphyrin IX dimethyl ester 0.82 0.79 


* Solvent, CI CI. -kerosene. 

t Solvent, kerosene-n-propyl alcohol. 

{ Derived from tetramethyl hematoporphyrin by partial hydrolysis in | ~ HCl 
for 10 minutes at room temperature. 


dried in a stream of air and then for a few minutes at 105°. The papers 
were then examined in ultraviolet light and the front and fluorescent red 
spots were marked. The N, values were taken as the ratio of the distance 
from the starting lines to the point of maximal intensity of the spots, 
divided by the distance between the starting line and the solvent front at 
the end of the run. 

The system was calibrated for some esters of interest in our investiga- 
tions (Table II). The method is especially satisfactory if OH groups are 
present in the porphyrin side chain. However, a mixture of protoporphy- 
rin dimethyl ester, tetramethyl hematoporphyrin, and mesoporphyrin di- 
methyl ester could not be resolved on the paper, although these particular 
porphyrins, when unesterified, may be satisfactorily separated on the basis 
of their HCl number. 
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A Chlorella mutant, W. B-I7, has been isolated that produces a mixture 
of pigments which, on the basis of the Nicholas-Rimington method, appear 
to represent porphyrins containing two, three, four, five, six, seven, and 
eight carboxyl groups. The porphyrins appear to be precursors of proto- 
porphyrin. The predominant porphyrins are the ones with two carboxyl 
groups. Absorption spectra indicate that three dicarboxylic porphyrins 
are present: one containing two vinyl groups, the second containing one 
vinyl group, and the third lacking vinyl groups. 

Methods for the culture of this mutant in solid and liquid mediums and 
the isolation of the crude porphyrin mixtures are described. A method is 
also described for two-dimensional paper chromatography of porphyrin 
esters. 
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HEMATOPORPHYRIN IX, A PROBABLE PRECURSOR OF 
PROTOPORPHYRIN IN THE BIOSYNTHETIC CHAIN 
OF HEME AND CHLOROPHYLL* 


By S. GRANICK, LAWRENCE BOGORAD, anno HERBERT JAFFE 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, July 21, 1952) 


In the preceding paper (1) the isolation and culture of Chlorella W,B-17 
was described. Evidence was presented that this mutant produced three 
dicarboxylic porphyrins in relatively large amounts. In this paper we 
report the isolation from the porphyrin mixture of one of these dicarboxylic 
porphyrins and its characterization as hematoporphyrin isomer IX (Fig. 
1). 

Hematoporphyrin has not previously been reported as a naturally occur- 
ring porphyrin. Although traces of porphyrins of low HCl number arise 
when tissues rich in hemin have been incubated under sterile or non-sterile 
conditions for prolonged periods of time (2, 3), no evidence supports the 
statements that hematoporphyrin is one of these pigments. Fe hemato- 
porphyrin or hematoporphyrin has been shown to arise when the prosthetic 
group of cytochrome c is split off the protein by certain treatments, the 
thio ether linkages of porphyrin c side chains being replaced by OH groups 
(4-6). 

EXPERIMENTAL 


Isolation of Hematoporphyrin from Mixture of Porphyrins—In the pre- 
ceding paper (1) the growth of the Chlorella mutant W,B-17 in both solid 
and liquid mediums and the methods of extraction of the porphyrin mix- 
ture into ether were described. To obtain sufficient porphyrins for isola- 
tion, the porphyrins in the ether solutions derived from 50 liters of solid 
medium and from 15 liters of liquid medium were combined. 

The accompanying scheme summarizes the isolation of hematoporphy- 
rin. First the mixture is separated into three main porphyrin fractions on 
the basis of extractability from ether with aqueous HC! solution. Each 
fraction contains as a main component a separate dicarboxylic porphyrin. 
The mixture that is extracted from ether with 0.01 N HCl, Fraction A, 
contains hematoporphyrin besides other porphyrins of similar distribution 
coefficient, K. In order to separate the hematoporphyrin from the other 
porphyrins in Fraction A, the mixture is esterified with methanol-HCl; 

This is the eighth in a series of papers on porphyrins and related compounds. 

t Merck Fellow in the Natural Sciences of the National Research Council. 
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the hematoporphyrin dimethyl ester has the lowest HC] number of any of 
the esterified components of the esterified mixture and because of this 
property it can be isolated from others. 

The following are the details of this separation. The combined ether 
solution containing the porphyrin mixture was first extracted with 0.01 * 
HCl to remove most of the porphyrins of low HCl number. The porphyrin 
mixture, extracted with 0.01 n HCl, was designated Fraction A. The 


Fic. 1. Hematoporphyrin isomer IX. The lower half of the molecule is not 
shown. The replacement of the side chains by —CH=-CH, = protoporphyrin, 
—CH,;—CH, = mesoporphyrin, +H = deuteroporphyrin. 


Scheme for Separation of Dicarborylic Acid Porphyrins from Porphyrin Mizture of 
Chlorella W,B-17 

. Combine ether extracts from solid medium (agar) culture and from liquid culture 

Extract ether solution with 0.01 x aqueous HCl, Fraction A 

Then extract ether solution with 0.10 & aqueous HCl, Fraction B 

. Remainder in ether is Fraction C which includes protoporphyrin 

. Fraction B fractionated in Craig machine, with ether and 0.05 x HCl as the two 

phases. Main fraction is a monovinyldicarbozylic porphyrin 

6. Slow migrating fraction (i.e. low K) from Craig machine combined with Fraction 
A and again fractionated in Craig machine, with ether and 0.01 N HCI as the two 
phases 

7. Main fraction from this last fractionation esterified with methanol-HCl 

8. Esterified mixture extracted with 0.075 & HCI; this fraction is crystallized hem- 
atoporphyrin dimethyl ester 

9. Crystalline hematoporphyrin ester purified by fractionation in Craig machine, 
with ether and 0.05 & HCl as the two phases. Main fraction crystallized 


ether solution was further extracted with 0.10 x HCl to yield Fraction B. 
The porphyrins still remaining in the ether Fraction C consisted mainly of 
protoporphyrin. 

Fraction B still contained some porphyrins of low HCl number. In 
order to obtain these porphyrins, Fraction B was fractionated with a 10 
tube Craig counter-current machine (7). The application of this apparatus 
to the separation of porphyrins has been described in a previous paper (8). 
For this fractionation the two phases were ether and 0.05 N HCl. By 
this procedure three fractions were obtained: a slow moving fraction, i- 
containing porphyrins of low K, present in the first twenty tubes of the 
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apparatus; an intermediate concentrated fraction present in the next thirty 
tubes; and a fast moving fraction, i.e. containing porphyrins of high K in 
the last twenty tubes. The fast moving fraction was discarded. The in- 
termediate fraction was found to contain as main component a monovinyl 
porphyrin whose properties will be described in a later paper. The slow 
moving fraction was then combined with Fraction A and represented por- 
phyrins of low HCl number. 

The porphyrin mixture of low HCl number was then fractionated in 
the Craig machine with ether and 0.01 n HCl as the two phases. The 
intermediate fraction, i.e. that containing porphyrins with intermediate 
K, was removed from the machine, and the porphyrins transferred to 
ether, evaporated to dryness, and esterified overnight at room temperature 
in dry methanol containing 15 per cent by weight of dry HCl. By this 
procedure the carboxyl groups of the porphyrins were esterified, but the 
alcohol groups of the porphyrins were presumably not affected. After 
transferring the esterified porphyrin mixture into ether and washing the 
ether, the main porphyrin component was extracted from the ether solution 
with 0.075 n HCl. This extracted material was transferred back into 
ether, dried, and crystallized from a mixture of CHCl; and methanol. 

When this crystalline ester was examined by the one-dimensional paper 
chromatography method of Chu, Green, and Chu (9), one major com- 
ponent and three minor components were revealed. The major component 
was the hematoporphyrin dimethyl ester; one of the minor components 
that only moved slightly on the paper was probably a partially deesterified 
porphyrin; the other two minor components, unidentified, moved faster 
than did the hematoporphyrin ester itself. 

In order to purify the crystalline hematoporphyrin ester further, it was 
subjected to fractionation in the Craig machine, with ether and 0.05 N HCl 
as the two phases. Three fractions were obtained. There was a main 
fraction in twenty-nine tubes of the machine which contained the hemato- 
porphyrin ester; there was a very dilute fraction containing porphyrins of 
low K; and there was a very dilute fraction containing porphyrins of rela- 
tively high K. To check on the purity of the hematoporphyrin ester in 
this main fraction, the porphyrin solution of each tube in this fraction was 
analyzed by paper chromatography. Only one spot was revealed by this 
method, supporting the view that the main fraction contained only the 
hematoporphyrin ester. By this procedure about 100 mg. of well purified 
hematoporphyrin dimethyl ester were obtained from the Chlorella mutant. 

Identification of Hematoporphyrin from Chlorella As Isomer IX Identi- 
fication of the positions of the side chains around the porphyrin ring, i.e. 
the porphyrin isomers, is based on the conversion of the porphyrin to the 
mesoporphyrin dimethyl ester and the determination of the isomer from 
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the melting point of this ester. The method used for the conversion of 
hematoporphyrin to mesoporphyrin is essentially that described by Zeile 
and Reuter (10). The HI-acetic reagent used in this method was prepared 
by mixing in a glass-stoppered tube 1 cc. of HI (density 1.96) with 7.5 ce. 
of acetic acid and then decolorizing the free I, that developed by heating 
for a few minutes at 60-80° with a few drops of hypophosphorous acid. 
In a test-tube containing 20 mg. of the natural hematoporphyrin dimethyl 
ester was added 1 cc. of this reagent HI-acetic acid; the air was displaced 
with CO: and the mixture heated in the flame to bring it to a momentary 
simmer; then the tube was stoppered and permitted to stand at room 
temperature for 15 minutes. The contents of the tube were diluted with 
ether and transferred to a separatory funnel. Some adhering material in 
the tube was dissolved with a small amount of alcohol and was also added. 
The ether solution was washed with water and with 0.025 n HCl, and the 
mesoporphyrin was extracted from the ether with 0.2 & HCl, passed back 
into ether, evaporated to dryness, esterified with methanol-HCl overnight 
at room temperature, taken into ether, and washed with 0.2 n HCl. The 
mesoporphyrin dimethyl ester was then extracted from the ether with 1 x 
HCl, brought back into fresh ether, the ether removed, and the ester crys- 
tallized from chloroform-methanol. Yield 11.3 mg. 

With a microscope melting point apparatus fitted with crossed nicols 
(11), it was found that the mesoporphyrin dimethyl ester prepared by 
Pd + H: reduction of the hemin of red blood cells began to melt at 216°, 
all crystals melted by 218°, and the last trace of birefringence in the liquid 
droplets disappeared at 219°. The melting of the mesoporphyrin dimethyl 
ester derived by way of HI-acetic acid from the hematoporphyrin of Chlo- 
rella W;B-17 began at 216.5°, all crystals melted by 218°, and all bire- 
fringence vanished by 220°. Similarly the mesoporphyrin ester prepared 
from synthetic hematoporphyrin by the HI-acetic acid method gave a 
melting point of 216-218° and all birefringence was gone by 221°. Mixed 
melting points made by grinding together equal quantities of the natural“ 
and the synthetic mesoporphyrin esters gave no depression. These melting 
point results are evidence that the hematoporphyrin isolated from the 
Chlorella mutant is the isomer IX. 

Preparation of Synthetic Hematoporphyrin Dimethyl Ester for Comparison 
with Natural Compound from Chlorella—Hematoporphyrin was prepared 
from protoheme by the acetic acid-HBr method of Nencki and Sieber (12) 
as described in Fischer and Orth (13). This reaction is a complex one, 


since it not only involves reduction of the ferric iron to the ferrous state 
by HBr, and the addition of HBr at the vinyl groups, but probably also 
involves some oxidation by Br: formed during the reaction. As a result 


the crystalline hematoporphyrin-2HCl which is obtained may contain 3 
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number of impurities. It is probably because of the impurities that Kiister 
and Schlager (14) were unable to establish satisfactorily by analytic means 
the structure of hematoporphyrin. The difficulty in the purification of 
hematoporphyrin appears to have been due to contamination with closely 
related compounds which could not be separated by the methods then 
extant. With the newer methods described below, further purification of 
the crystalline material has been attained. Yet, as indicated by the paper 
chromatography, even in this purified crystalline material impurities may 
still be present. 

The erystalline hematoporphyrin-2HCI in a yield of 35 per cent was 
further purified by dissolving it in 1 IIC I, filtering off an insoluble resi- 
due, and precipitating the hematoporphyrin with sodium acetate and then 
centrifuging. The neutral hematoporphyrin was then dried, dissolved in 
ether, filtered, and extracted with 0.025 n HCl and crystallized in a desic- 
cator over HSQ,. 

The synthetic hematoporphyrin dimethyl] ester was prepared from hema- 
toporphyrin-2HCI by esterification with 10 per cent dry HCl-methanol 
overnight at room temperature. To purify this material it was fraction- 
ated in a Craig machine with 0.05 N HCl and ether as the two phases. 
Two fractions separated, containing small amounts of porphyrins of low 
K, a major fraction containing hematoporphyrin ester, and a fraction con- 
taining a small amount of a porphyrin of higher K. The major fraction 
was crystallized from CHCl;-methanol and represented the synthetic he- 
matoporphyrin dimethyl] ester. 

To determine the purity of the porphyrin in the major fraction a sample 
of the middle tube of this major fraction was chromatographed at 30° on 
paper by the two-dimensional method (1); a rather heavy concentration of 
pigment was applied to see whether any trace contaminants were present. 
The paper showed three spots, the main spot having an Ry = 0.08 in the 
first direction and , II = 0.13 in the second direction. Two other 
unidentified spots were observed which had somewhat higher R, values 
in the second direction. 

Comparison of Melting Points, Absorption Spectra, C, H, and N Analyses, 
and Ry Values of Natural and Synthetic Hematoporphyrin Esters—For he- 
matoporphyrin dimethyl] ester Fischer and Orth (13) report a melting point 
of 212°. Melting point determinations were made on a micro melting 
point apparatus with crossed nicols. The crystals of the synthetic com- 
pound started to melt at 217°, all crystals formed droplets by 220°, and all 
birefringence ended at 223°. Similarly, the crystals of the natural com- 
pound began to melt at 217°, all formed droplets by 219°, and birefringent 
material completely disappeared by 223°. These values represent a some- 
what wider spread of melting temperature than those obtained for the 
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mesoporphyrin esters. The melting point values support the identity of ch 
the natural and synthetic compounds. TI 
The identity is also shown by the absorption spectra in pyridine (Fig. * 
2) and the molar extinction values for the maxima and minima of the * 
absorption spectrum (Table 1). af 
For a hematoporphyrin dimethyl ester (C3sHy20¢N,) the calculated ana- * 
lytical values are C 69.00, H 6.70, N 8.95 per cent; found for the natural 8 p 
compound C 69.44, H 7.04, N 9.17; found for the synthetic compound 
4 
1 
5 
5 
6: 
Fic. 2. The smooth curve represents the molar extinction of synthetic hems- 45 
toporphyrin dimethyl ester in pyridine. The circles represent values determined 519 
for the ester of the natural compound derived from the Chlorella mutant. — 
C 68.93, H 6.81, N 9.05. Nitrogen was determined by the Kjeldahl method fF , Me 
with Hg** as catalyst. 1474, 


Identity between the natural and synthetic hematoporphyrin dimethyl 
esters was also found by the method of two-dimensional paper chroma- 178-18 
tography. At 30° the values for both were H, I = 0.08 and Ry II = 0.13. f indicat 
In the case of the natural compound 65 ) were applied to the paper and this er. 
for the synthetic compound 48 y were applied. analysi 

Preparation of Synthetic and Natural Hematoporphyrin Dimethyl Ethe though 
Dimethyl Ester (Tetramethyl Hematoporphyrin)—The synthetic compound H 7.04, 
was prepared in two ways: first from the iron tetramethyl hematoporphy-§ 18.29 p 
rin, and then by the methylation of hematoporphyrin ester. | additior 

(a) The synthetic Fe tetramethyl hematoporphyrin chloride was pre by one 
pared from hemin by refluxing with methanol and II: SO. as described by rin whic 
Fischer and Lindner (15). After recrystallization a two-dimensional pape constity 
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chromatogram showed only one spot on development with benzidine-H, O. 
The iron was removed from this compound by dissolving it in dry 20 per 
cent HCl-methanol to which ferrous sulfate had been added (6). This 
resulted in a complex mixture which was resolved by the Craig machine 
with 0.5 N HCl and ether as the two phases. The compound was crystal- 
lized from a solution of benzene and petroleum ether. The yield was 
8 per cent. These crystals when crushed (see below) melted in a range of 


Taste | 
Molar Extinctions (Xx 10-*) of Hematoporphyrin Compounds in Pyridine* 

ester of natural Dimethyl! ester of synthetic | 
Maxima 
402 175.5 401 174.8 401.5 178.0 
499.5 14.70 499 14.82 499 2 14.60 
532 9.04 532 9.05 532 5 8.96 
569.2 6.57 569 6.66 569 6.48 
623 4.35 623 4.33 623 4.32 
596 1.26 506 1.23 596 1.34 
Minima 
455 2.10 455 2.07 455 2.32 
519 3.33 519 3.43 518 3.50 
553 1.31 552 1.36 552 1.54 
603 0.72 603 0.84 603 0.87 


. Measured on a Cary recording spectrophotometer model 11. E mol. = logis 
(/(em. X mole per liter). 


178-182° and birefringence disappeared at 187°, the somewhat wide range 
indicating the presence of some impurities. The C, H, and N analyses of 
this crystalline material, dried at 60° at 45 mm. for 30 minutes before 
analysis, agreed with the calculated values within experimental error, al- 
though the methoxyl value was slightly low. Calculated for C 69.80, 
H 7.04, N 8.58, OCH; 19.02 per cent; found C 69.84, H 7.28, N 8.74, OCH; 
18.29 per cent. By two-dimensional paper chromatography two spots in 
addition to a main spot were found. The major impurity, as represented 
by one of the spots on the paper, appeared to be trimethyl hematoporphy- 
rin which, from its fluorescence intensity on the paper, was estimated to 
constitute between 5 and 10 per cent of the crystalline material. 
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On recrystallization of the material from a solution of CCl and petro- 
leum ether, the melting point of the crushed crystals was found increased; 
droplets formed at 182° and birefringence was gone at 186°. Paper chro- 
matography of the recrystallized material indicated that the spot identified 
as trimethyl] hematoporphyrin was in lower concentration than before the 
crystallization. The molar extinctions of the tetramethyl compound in 
pyridine are recorded in Table I. 

(b) In the second method for the preparation of synthetic tetramethyl 
hematoporphyrin, 200 mg. of hematoporphyrin-2HCl were dissolved in a 
solution of 5 cc. of dry 40 per cent HCl-methanol to which was added 0.5 
ce. of concentrated HSO. After refluxing at 80° for 3 hours, the stoppered 
solution remained overnight at room temperature. The solution was then 
fractionated in a Craig machine at 10° with 0.5 n HCl and ether as the two 
phases. The main fraction isolated by this procedure was crystallized 
from a solution of CCl, and petroleum ether. The yield was about 10 
per cent. By the method of two-dimensional paper chromatography one 
major component spot and one trace spot of contamination were found 
Birefringence of the crushed crystals of this tetramethyl hematoporphyrin 
disappeared at 186°. 

(c) Natural tetramethyl hematoporphyrin ester was prepared from 10 
mg. of the natural dimethyl ester by the method (b) described above. 
About 1 mg. of large crystal masses was formed in the benzene-petroleum 
ether solvent. Contamination with traces of two components similar to 
those contaminants in the tetramethyl hematoporphyrin were revealed by 
two-dimensional paper chromatography. The crushed crystals of this tet- 
ramethyl hematoporphyrin began to melt at 185° and birefringence dis- 
appeared completely at 190°. 

Comparison of Melting Points and Ry Values of Synthetic with Natural 
Tetramethyl Hematoporphyrins—Tetramethyl hematoporphyrin may form 
four kinds of crystals with characteristic melting points, according to 
Fischer and Müller (16). Type A was reported to melt at 185°, Type B 
at 178.5°, Type C at 140°, and Type D at 110°. By crystallization, Types 
A and D were interconvertible. Observing the melting points at a mag- 
nification of 100 diameters, we have noted the following phenomena on 
crystalline samples from synthetic or natural tetramethyl hematoporphy- 
rins, crystallized from solutions of benzene + petroleum ether or from 
CCl, + petroleum ether. When the crystals were not crushed, then the 
crystals formed droplets at 141-143° and all birefringence had disappeared 
from within the droplets by 146°. This melting then corresponded to 
Type C crystals of Fischer and Müller. If the crystals were finely crushed 
between the cover-slips, then melting of the individual crystals could not 
be observed, but the disappearance of birefringence and the formation d 
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droplets could be observed. With the crushed crystals, birefringence dis- 
appeared at temperatures as low as 90°, tiny droplets being formed, and in 
some cases melting point ranges of 92-100° and 98-108° were observed. 
On continued slow heating, birefringent material formed within the drop- 
lets, often all of the droplets being converted to crystalline masses; some- 
times, however, only portions of drops would become crystalline. These 
recrystallized birefringent masses melted at 182-184°, birefringence dis- 
appearing completely at 186°. If only portions of the droplet had become 
crystalline, then these birefringent masses lying embedded in the non- 
birefringent droplet would lose their birefringence at 186°. The existence 
of crystalline material in equilibrium with its melt over a range of some 
60-90° is an unexpected phenomenon. That no detectable changes in the 
compound occurred on heating up to 200° had been reported by Fischer. 
We have confirmed this fact, using the more sensitive two-dimensional 
paper chromatography method. 

In addition to the identical melting point behavior between the synthetic 
and the natural tetramethyl hematoporphyrin, a mixture of equal parts of 
the synthetic and natural tetramethyl compounds crushed together gave 
no depression in melting, the first melt occurring at 91-95°, then recrys- 
tallizing, then melting at 181-183° with no birefringence by 187°. The 
melting points therefore support the identity of the natural with the syn- 
thetic tetramethyl hematoporphyrin. 

The N, values at 30° for the two-dimensional paper chromatography 
method (1) also support the identity of the two synthetic and the one 
natural preparation of the tetramethyl hematoporphyrin compounds; N, 
I = 0.89 and N. II = 0.86. 

Optical Activity—The evidence presented above indicated the identity of 
the natural and the synthetic hematoporphyrins. On the basis of two 
secondary hydroxyl groups one might expect to find optical rotation in the 
natural hematoporphyrin dimethyl ester, but none was found. Under the 
experimental conditions used, a specific rotation of 6° would have been 
detectable. For polarimetry, a Schmidt and Haensch instrument was used 
in conjunction with a zircon are light source and appropriate lens, a micro 
tube of 3 mm. diameter, 10 em. light path, and a 6° half angle shadow. 
In some experiments light filters were used to screen out shorter wave- 
lengths. The following experimental conditions were employed: (a) 2 mg. 
of ester per cc. in CH Cl with white light or with light greater than X 640 
my; (b) 1 mg. of ester per cc. in dioxane with light above 640 my; (c) 4 mg. 
of ester per cc. in acetic acid with white light or with light above 620 ma; 
d) 4 mg. of ester per cc. in CHC HCI, 25:1 by volume, with white light 
or with visible light greater than Xx 620 my or greater than x 640 mg. 

Rate of Conversion of Hematoporphyrin to Protoporphyrin—The lack of 
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optical rotation for the natural hematoporphyrin made it necessary to 
obtain evidence that a secondary and not a primary alcohol was present. 
Since the rates of dehydration of a primary and secondary alcohol to a 
vinyl group might be expected to differ, the rates of dehydration of the 
synthetic and natural hematoporphyrin esters were compared. 

Dehydration of a-hydroxy ethyl groups of a porphyrin to vinyl groups 
may be followed by observing the diminution in the absorption of a hemato- 
porphyrin band and the simultaneous increase in absorption in the band 
regions where a monovinyl and a divinyl porphyrin will absorb. Dehydra- 
tion was accomplished by heating samples of the hematoporphyrin esters 
in an evacuated Thunberg tube at 165° for different periods of time. 
After the dehydration, the heated porphyrins were dissolved in ether and 
separated into three fractions by extracting the ether solution successively 
with 0.2, 0.7, and 2.0 N HCl. By means of this procedure, porphyrins 
containing no vinyl, one vinyl, and two vinyl groups can be separated into 
three fractions. Porphyrins containing no vinyl group would be present 
in the first fraction extractable with 0.2 N HCl and would have an absorp- 
tion maximum at 547 mu. Porphyrins with one vinyl group would be 
present in the next fraction (extractable with 0.2 to 0.7 N HCl) and would 
have an absorption maximum at 551 my, and porphyrins with two vinyl 
groups would be present in the third fraction (extractable with 0.7 to 20 
HC) and would have an absorption maximum at 555 ma. By measur- 
ing the absorptions of the three fractions at 547, 551, and 555 ma, respec- 
tively, it is possible to determine the relative amounts of the hematopor- 
phyrin, the monovinyl porphyrin, and the divinyl porphyrin. Thus, after 
dehydration, extraction into ether, and separation into three fractions, the 
absorptions of the first, second, and third fractions were determined at 
547, 551, and 555 my respectively. 

No significant differences in the rates of dehydration of the natural and 
synthetic hematoporphyrin esters were observed; in both cases a monovinyl 
compound arose as an intermediate which was subsequently converted tos 
divinyl compound. At the same time decomposition products also were 
produced. After 5 minutes of dehydration 84 per cent of the natural 
compound and 65 per cent of the synthetic compound had changed. Mas 
imal conversion to protoporphyrin for both compounds was found to have 
occurred at the end of 10 minutes of dehydration. At that time a 40 per 
cent yield of protoporphyrin was obtained from the natural compound 
and a 35 per cent yield from the synthetic compound. It is considered 
that these differences in rates of dehydration are not significant and that 
the natural hematoporphyrin is a secondary alcohol like the synthetic 
compound. 

Infra-Red Spectra. Since the vibrations of primary OH groups diffe 

1 These measurements were made by Dr. Herbert Jaffe. 
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significantly from those of secondary OH groups, it should be possible to 
determine whether the OH groups of the synthetic and natural hematopor- 


tural 


Fic. 3. Infra-red absorption of the Nujol mulls of synthetic and natural hema- 
toporphyrin dimethyl esters, determined with a Perkin-Elmer model 21, double 
beam spectrophotometer with NaCl opties. 
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Fic. 4. Infra-red absorption of the region 9 to 10 f. Curve 1, natural hematopor- 
phyrin dimethyl ester in a film; Curve 2, synthetic hematoporphyrin dimethyl ester 
ina film; Curve 3, deuteroporphyrin dimethyl ester in a film; Curve 4, mesoporphyrin 
dimethyl ester in a Nujol mull; Curve 5, synthetic tetramethyl hematoporphyrin in 
afilm. The cross-hatched area represents the absorption of the OH vibration band. 
The films were prepared by evaporation of CHCI; solutions. 


phyrins are identical by infra-red measurements. Therefore measurements 
of infra-red absorption were made with a Perkin-Elmer model 21, double 
beam spectrophotometer having optical parts of crystalline sodium chlo- 
ride. 
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In Fig. 3 are compared the infra-red absorption spectra of the Nujol 
mulls of synthetic and natural hematoporphyrin dimethyl esters. The 
over-all identity of the two spectra is apparent. The spectra are similar to 
those published by Falk and Willis (17). To locate the OH vibration 
band a study of the absorption of several compounds was made in the 
9 to 10 f region. In Fig. 4 the cross-hatched area at 9.35 f represents the 
absorption of the OH vibration band, an absorption band which is present 
in hematoporphyrin ester but is lacking in the esters of deuteroporphyrin, 
mesoporphyrin, and tetramethyl hematoporphyrin which do not contain 
—OH groups. Since the OH vibration band of secondary alcohols is in 
the region of 8.6 to 9.5 u and the OH band of hematoporphyrin ester is at 
9.35 u, the position of the latter supports the idea that the —OH groups 
which are present in hematoporphyrin are present as secondary rather than 
as primary alcohol groups. Paul (6) reports differences in the infra-red 
between the synthetic and the tetramethyl hematoporphyrin derived from 
cytochrome c. 


DISCUSSION 


The formation of hematoporphyrin in relatively high concentration in a 
Chlorella mutant which is also producing protoporphyrin suggests that 
hematoporphyrin may be a precursor of protoporphyrin. From an or- 
ganochemical as well as biochemical view-point this appears to be a rea- 
sonable assumption, since it would merely require the splitting out of water 
from the two a-hydroxy ethyl side chains to convert them to the vinyl side 
chains of protoporphyrin (Fig. 1). One might also expect from this hy- 
pothesis to find an intermediate between hematoporphyrin and protopor- 
phyrin in which only one of the hydroxy ethyl side chains has been dehy- 
drated. Such a compound has indeed been isolated from the porphyrin 
mixture produced by the mutant, and its properties will be described in a 
subsequent paper. That the reverse reaction, the hydration of protopor- 
phyrin to hematoporphyrin, does not seem to occur is suggested by the 
behavior of mutant W;B which produces protoporphyrin exclusively, no 
trace of hematoporphyrin having been detected in this mutant. 

An unexpected finding in connection with the hematoporphyrin isolated 
from Chlorella is the lack of optical rotation, a property which might have 
been expected in a naturally occurring compound containing two second- 
ary alcohol groups. Indeed Paul (6) obtained an optically active hemato- 
porphyrin by decomposing cytochrome c under mild conditions, whereas 
the most drastic decomposition methods previously used by Zeile and 
Meyer (5) had led to an optically inactive hematoporphyrin. The lack d 
optical activity in Chlorella hematoporphyrin ester may be explained by 
assuming an internally compensated dl form. 
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Separation of hematoporphyrin is described from the porphyrin mixture 
of pigments produced by Chlorella W. B-17. The counter-current distribu- 
tion and paper chromatography methods have been used in the isolation 
and purification of this compound, the synthetic compound, and their 
derivatives. A scheme for the separation of the dicarboxylic porphyrins 
present in the mixture is presented. 

The hematoporphyrin dimethyl] ester prepared from Chlorella hemato- 
porphyrin has been compared with the synthetic ester and is found to be 
identical in the following properties: visible absorption spectra, infra-red 
spectra, melting points, mixed melting points, C, H, and N analyses, N, 
values of two-dimensional paper chromatography, and rates of conversion 
to protoporphyrin. No optical rotatory power has been detected in a 
solution of the hematoporphyrin dimethyl] ester derived from Chlorella. 

The tetramethyl hematoporphyrin derived from Chlorella is also identical 
with the synthetic compound in R, values and in melting point behavior. 
Peculiarities of the melting points of this compound are described. 

Hematoporphyrin is postulated to be a precursor of protoporphyrin in 
the biosynthetic chain of heme and chlorophyll. 


We wish to acknowledge the invaluable technical assistance of Eileen 
Frankfort in this study. 
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In work previously reported from this laboratory it was found that 
C-labeled glycerol, completely hydrolyzed from glycerides during diges- 
tion, was not utilized for the resynthesis of lymph glycerides (1). This 
suggests that glycerol per se may not be the precursor of glyceride glycerol. 
Since absorbed fatty acids appear in the lymph as triglycerides, it is neces- 
sary to account for the origin of the glycerol required to form lymph and 
body fat from the large amounts of dietary fat an animal may consume and 
digest in a few hours. It is known that dihydroxyacetone and glyceralde- 
hyde are products of glucose metabolism. It is possible these substances 
act as precursors of glyceride glycerol by forming the mono- and diesters 
with fatty acids, then being reduced to glycerol, and finally forming the 
triglyceride. 

It was decided to test this hypothesis by feeding the monopalmitic acid 
ester of dihydroxyacetone labeled in both the acetone and fatty acid moie- 
ties, and examining the lymph for labeled glycerol. The relative amounts 
of labeled glycerol and labeled dihydroxyacetone in lymph glycerides should 
be a measure of the extent to which the absorbed dihydroxyacetone was 
converted to glycerol. The difference in percentages of recovery in the 
lymph of labeled alcohol (dihydroxyacetone and glycerol) and labeled fatty 
acid is a measure of the degree of hydrolysis of the absorbed palmitoxy- 
hydroxyacetone since it represents the relative amount of alcohol lost. 


EXPERIMENTAL 


Procedure In order to verify the observation of Frank (2) that ingested 
monoglycerides do not appear in the lymph, cottonseed oil monoglycerides' 
were fed to a rat provided with a thoracic duct fistula (1) and the lymph 
lipides examined for monoglycerides (3). 


Supported, in part, by grants from the United States Atomic Energy Com- 
mission, the National Science Foundation, and the Institute of Shortening and 
Edible Oils. 

‘Obtained from Distillation Products, Inc. 

Only one animal was used to test the conversion of ingested monoglyceride, since 
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As a preliminary test of the absorption of unchanged fatty acid esters of 
dihydroxyacetone, unlabeled 1 ,3-dipalmitoxyacetone was fed to a rat and 
the lymph lipides examined qualitatively for the unchanged ester (4). As 
a further test total glycerol determination on a sample of lymph neutral 
fat was compared to the theoretical value. 

Finally, to determine whether dihydroxyacetone esters are converted to 
glycerol esters and to compare the absorption of dihydroxyacetone esters 
with the absorption of monopalmitin, the two compounds, labeled in the 
alcohol and fatty acid moieties, were fed to rats. The lymph lipides were 
examined quantitatively for labeled glycerol and fatty acids as well as 
qualitatively for the presence of dihydroxyacetone. 


Preparation of Labeled 1-Palmitoxy-3-hydroxyacetone and Monopalmitin 


—The preparation of these compounds has been reported elsewhere (4)? 
Since the dihydroxyacetone ester forms a high melting (93°) dimer on 
standing, it was necessary to recrystallize it to the monomer (m.p. 63°) just 
before feeding. 

Determination of Lymph Lipide Glycerol—The radioactivity and quanti- 
tative assays of this compound were determined as previously reported (1). 
Since the determination of dihydroxyacetone may be included by this 
method, it was necessary to either determine the amount of the latter or 
find some way to eliminate it. The latter procedure was found to be a 
simple accomplishment. After the hydrolysis of fatty acid esters of dihy- 
droxyacetone, the acidified saponification liquor, upon oxidation with peri- 
odic acid, gives no methylene bismethone precipitate with dimethyldi- 
hydroresorcinol, provided the saponification is carried out with 2 N alcoholic 
KOH for 1 hour. This treatment does not interfere with the determination 
of glycerol. 

Determination of Radioactivity of Free Fatty Acids After saponification 
of lymph neutral fat, fatty acid was extracted from the acidified saponifi- 
cation liquor, weighed, and plated. Counts were made directly on the 
plated acids. 

Determination of Monoglycerides—The procedure was that of Pohle and 
Mehlenbacher (3). 

Animal Preparations—A cannula was introduced into the cysterna chyli 
of rats in the manner previously described (1). Cottonseed oil monoglycer- 
ides' were presented to the animal as 30 per cent of an otherwise low fat 
ration of which the rat consumed about 10 gm. during the 24 hour period: 
Freshly recrystallized labeled palmitoxyhydroxyacetone and labeled mono- 


— — — — 


this has been repeatedly demonstrated, first by Frank (2) and recently by H. H. 
Reller, L. F. Beck, and F. H. Mattson (The Procter and Gamble Company, Cin- 
cinnati, Ohio, personal communication). 

*The authors are happy to acknowledge their indebtedness to Dr. Hermann 
Schlenk for the labeled compounds used in this study. 
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palmitin were fed by stomach tube 24 hours after the operation and lymph 
was collected during the subsequent 24 hours. 

Detection of Dihydroxyacetone in Lymph Lipides—The methods of 
Schlenk, Lamp, and DeHaas (4) were employed. 


Results 


No monoglycerides were found in the lymph after ingestion as 30 per 
cent of an otherwise fat-free ration. Also, no dihydroxyacetone esters were 
found in the lymph after their ingestion, as was demonstrated by direct 
qualitative test (4) and by the quantitative recovery of glycerol from a 
weighed sample of the lymph neutral“ fat. 


Tanin I 
Conversion of Dihydroryacetone to Glycerol 
2 Monopalmitin fed 2.07 | 130 0.37 
Lymph neut ral fat 228 0.96 27 «0.071 | 73 
21. Palmitoxyhydroxyacetone fed 780 4.77 274 1.27 
Lymph neutral fat 810.47; 46 0.082 74 
Palmitoxyhydroxyacetone fed 300 3.44 137 0.92 | 
Lymph neutral fat 102 0.32 2 0.025 71 


For example, in Rat 20, 46 per cent of the ingested labeled fatty acid was re- 
covered in the lymph, but only 12 per cent of the labeled glycerol. There is thus a 
73 per cent greater loss of glycerol than of fatty acid. 


As may be seen in Table I, 46.4 per cent of the active palmitic acid 
administered to the rat as monopalmitin was recovered in the lymph. If 
there were no hydrolysis and subsequent loss of glycerol, 46.4 per cent of 
the active glycerol would also have been recovered from the lymph. How- 
ever, only 12.5 per cent of the glycerol was recovered. Since hydrolyzed 
glycerol is not reutilized (1), the difference between the amounts of fatty 
acid and glycerol recovered represents the amount of hydrolysis. In the 
case of labeled monopalmitin it was 73 per cent. 

Only about 10 per cent of ingested palmitoxyhydroxyacetone appeared 
in the lymph in each of two experiments. The relatively poor absorption 
of this compound may be due to the formation of the high melting dimer 
(93°). 

No dihydroxyacetone was found in the lymph (and it was demonstrated 
that, even if there had been, none of it would have been precipitated as 
methylene bismethone under the conditions used), but active methylene 
bismethone was obtained from the acidified saponification liquor of the 
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lymph neutral fat and phospholipide. It is thus obvious that 100 per cent 
of the absorbed dihydroxyacetone had been converted to the glycerol of 
the lymph triglycerides and phospholipides. 

The total amount of glycerol-C" which appeared in the lymph after 
palmitoxyhydroxyacetone ingestion was only 2.5 per cent of the ingested 
dihydroxyacetone-C in Rat 21 and 2.7 per cent of the ingested dihydroxy- 
acetone-C in Rat 25. Calculated on the same basis as after monopalmitin 
ingestion, it appears that 74 per cent and 71 per cent, respectively, of the 
absorbed labeled palmitoxyhydroxyacetone were hydrolyzed in the two ex- 
periments. 

DISCUSSION 


It was reported previously that between 25 and 45 per cent of ingested 
triglycerides are completely hydrolyzed during absorption (1). As in the 
present work, this value was based on the percentage of labeled glycerol 
recovered in the lymph triglycerides relative to the percentage of labeled 
fatty acid recovered. The calculations are thus independent of the amount 
not absorbed or the amount of dilution with endogenous fat. The higher 
degree of hydrolysis of monopalmitin or of palmitoxyhydroxyacetone may 
be understood when it is realized that in the absence of free fatty acid 3 
molecules of monoglyceride are required to form I of triglyceride. A 67 
per cent hydrolysis of monoester is thus obligatory. This, of course, is 
true only if no monoglycerides appear as such in the lymph. We have been 
unable to find any monoglycerides in lymph lipides after monoglyceride 
ingestion, beyond the limits of the experimental error of that determination. 
Reller et al. have recently made this same observation. 

The locale of the hydrolysis of monoglycerides is of interest. It could 
take place either in the intestinal lumen or after absorption. The earlier 
observation that approximately two-thirds of ingested triglycerides is ab- 
sorbed as monoglycerides (1) and the evidence presented here that 70 to 
75 per cent of ingested monoglycerides is hydrolyzed in order to produce 
triglycerides suggest that the hydrolysis of monoglycerides is part of the 
mechanism of triglyceride synthesis and takes place in the mucosa, or, at 
least, after absorption. This point of view is also strengthened by the 
resistance of monoglycerides to the action of intestinal lipase (5-7) and the 
strong evidence for the ready absorption of monoglycerides (1). 

Although it has been demonstrated in the work presented here that 
dihydroxyacetone, ingested as the ester of a fatty acid, is reduced to 
glycerol without hydrolysis from that acid, it is not proved that such 3 
pathway is necessarily the normal route of the synthesis of triglycerides. 
It is still possible that the small amount of glycerol normally in equilibrium 
with dihydroxyacetone phosphate during glycolysis could esterify with 
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absorbed fatty acid and cause a shift in the equilibrium so that more 
glycerol is produced. However, the demonstrated fact that fatty acid 
esters of dihydroxyacetone may be converted to triglycerides during ab- 
sorption and the similarity of the absorption studies to those with mono- 
glyceride indicate that this may well be one of the mechanisms. 


SUMMARY 


1-Palmitoxy-3-hydroxyacetone and monopalmitin, labeled with C™ in 
the carboxyl group of the palmitic acid and in carbon 3 of the alcohols 
were synthesized and fed to rats. Analyses of the lipides of the thoracic 
duct lymph demonstrated the following. 

1. Ingested monoglycerides were 73 per cent hydrolyzed when fed as 
such. 

2. Ingested monoglycerides appeared in the lymph as triglycerides only. 

3. Ingested palmitoxyhydroxyacetone was 74 and 71 per cent hydrolyzed 
in two experiments. 

4. Fatty acid esters of dihydroxyacetone did not appear in the lymph 
unchanged, but were reduced and converted to triglycerides. 

5. Esterification of dihydroxyacetone with fatty acid and subsequent 
reduction and esterification may be the normal mechanism of triglyceride 
synthesis during fatty acid absorption. 

6. Hydrolysis of monoglycerides and synthesis of triglycerides probably 
take place in the intestinal mucosa. 
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SOME ASPECTS OF THE HYDROLYSIS OF PROLINE PEPTIDES 
BY A PROLINELESS MUTANT OF ESCHERICHIA COLI* 


Br DAVID STONE? 


(From the Department of Physiological Chemistry, Yale University, 
New Haven, Connecticut) 


(Received for publication, January 7, 1953) 


Earlier studies in this laboratory have shown that a prolineless mutant 
(No. 679-183) of Escherichia coli strain K-12 exhibits a striking increase 
in the extent of growth in the presence of L-proline peptides, as compared 
with the response to equivalent concentrations of free L-proline (1). To 
explain these results, it has been suggested that, when bound in a peptide, 
the proline moiety is protected, in some manner, against degradation (2). 
Subsequent work (3) demonstrated that non-growing cells of the mutant 
were capable of degrading proline and peptides of proline, and it was found 
that the amount of ammonia formed in a given time was greater for the 
free than for the peptide-bound proline. The liberation of ammonia was 
attributed to the action of a “proline oxidase,” similar to that found in 
E. coli ATCC 6522 (4). The réle of the oxidase in making some of the 
proline unavailable for bacterial growth was made more probable by the 
demonstration that, under anaerobic conditions (ie. under an atmosphere 
of nitrogen gas), the extent of growth on the free amino acid was as great 
as for the proline peptides tested. Furthermore, under conditions of in- 
creased oxygenation of the medium (ie. with shaken cultures), the extent 
of growth on proline was greatly diminished, while the extent of growth on 
several of the proline peptides was essentially the same under aerobic and 
anaerobic conditions. These data led to the conclusion that the active 
growth factor for the prolineless mutant is the free amino acid, 1-proline. 
When it is supplied as such in the medium, a certain portion of it may be 
degraded and, thus, is unavailable for the satisfaction of the nutritional 
requirement of the mutant. 

Experiments with a variety of proline peptides indicated that the dura- 
tion of the lag period of the growth curve is dependent on the nature of 
the peptide used, and the suggestion was made that the time required for 
the initiation of logarithmic growth is related to the rate of hydrolysis of 
the peptide by the bacterial peptidase (3). If such hydrolysis is slow, it 

This study was sided by grants from the Nutrition Foundation, Inc., and from 
the Rockefeller Foundation. 


t Present address, Worcester Foundation for Experimental Biology, 222 Maple 
Avenue, Shrewsbury, Massachusetts. 
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might be expected that relatively little free proline would be available for 
degradative reactions, and that the extent of growth also would be a re- 
flection of the rate of peptide hydrolysis. In support of this hypothesis 
may be mentioned the observation that under aerobic, stationary condi- 
tions of incubation (ie. partial anaerobiosis) an approximate correlation 
may be made between the length of the lag period in the presence of a 
proline peptide and the extent of bacterial growth ultimately achieved. 

The present communication describes experiments dealing with the re- 
lationship of the peptidases of the prolineless mutant to the growth response 
in media supplied with proline peptides. 

EXPERIMENTAL 


Growth Studies—The aerobic growth of the mutant was followed tur- 
bidimetrically by means of the growth medium and methods described by 
Simmonds and Fruton (1). Anaerobic conditions were achieved by re- 
placing the air in the, culture tubes with nitrogen gas. 

Hydrolysis of Proline Peptides by Cell Extracts—Saline extracts (0.85 
per cent NaCl) were made by grinding washed, lyophilized cells with Alun- 
dum for 30 minutes in the cold. The supernatant fluid was used after 
centrifugation of the Alundum and cell débris. Usually 0.79 mg. of cell 
protein nitrogen was incubated with a 0.05 u solution of the peptide in 
the presence of 0.02 u tris(hydroxymethyl)aminomethane buffer at pH 
7.4. The temperature of incubation was 37°. The extent of hydrolysis 
was estimated according to the method of Grassmann and Heyde (5). 


Results 


Fig. 1 shows the growth response of the prolineless mutant to equivalent 
concentrations of L-proline (P), glycyl-.-proline (GP), L-prolylglycine (PG), 
and glycyl-.-prolylglycine (GPG) for cultures incubated in air or under 
an atmosphere of nitrogen gas. The figure illustrates the significantly 
decreased lag periods characteristic of PG and GPG under anaerobic as 
compared to aerobic conditions. Fig. 2 shows growth curves for the 
mutant under conditions of stationary and shaken incubation. It will 
be seen that, for the culture containing GPG, shaking markedly increases 
the duration of the lag period and decreases the growth rate. However, in 
the presence of P and GP, the shaken cultures do not exhibit longer lag 
periods or decreased rates of growth as compared to the stationary cultures. 

It was of especial interest to investigate the growth of the mutant in the 
presence of mixtures of P and GPG, in order to determine whether the 
greatly prolonged lag period in the presence of the tripeptide was a result 
of a possible inhibitory effect of this compound. The curves in Fig. 3 
show that, under stationary conditions of incubation, the lag period ob- 
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served for the mixture is that which would have been obtained in the 
absence of the tripeptide, and a smooth growth curve results. However, 
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Pp. Fie. 1. Growth curves of strain 679-183 grown in the presence of t-proline (P). 


glveyl-t-proline (GP), t-prolylglyeine (PG), or glyeyl-t-prolylglyeine (GPG); the 
initial concentration of each substance was 0.25 yu per lo ml. The solid lines repre- 
sent the growth in stationary, aerobic cultures, and the broken lines represent the 
growth in anaerobic cultures (under nitrogen gas). 

Fie. 2. Growth curves of strain 679-183 grown in the presence of t-proline (P), 
giveyl-t-proline (GP), or glyeyl-t-prolyiglycine (GPG); the initial concentration 
of each substance was 0.25 u per 10 ml. The solid lines represent the growth in 
stationary cultures, and the broken lines represent the growth in shaken cultures. 
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Fic. 3. Growth curves of strain 679-183 grown in the presence of mixtures of 
u-proline (P) and glycyl-t-prolylglycine (GPG); concentration, 0.125 u of each 
per 10 ml. The horizontal lines indicate the maximal densities observed in the 
presence of 0.125 sm of the single substrates. The solid lines represent the growth 
in the stationary cultures, and the broken lines represent the growth in the shaken 
cultures. 


when the culture is shaken during its course of growth, a diphasic curve is 


produced with a change in slope occurring at the maximal level of growth 
which would have been obtained with the free proline alone. 
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The ability of saline extracts of the bacteria to hydrolyze various proline 
peptides is illustrated by the data in Table I. In the presence of Mn** and 
a sulfhydryl compound, extracts of the bacterial cells are capable of hy- 
drolyzing all the proline peptides tested. It will be noted that in the 
absence of Mn** there is no hydrolysis of the proline peptides, and in the 
presence of Mn alone PG and GP are hydrolyzed slowly, while GPG 
is hydrolyzed to a marked extent. The addition of cysteine or glutathione 


Taste I 
Hydrolysis of Proline Peptides by Saline Extracts of Prolineless Mutant 
The experimental conditions are given in the text. The concentration of the 
added substances was 0.005 Mu cysteine or glutathione (GSI), or 0.001 uu Maso, 


Hydrolysis® 

Peptide Added substance * 

2 bes. 4 brs. 6bre 
per cons per per cent 

GP None 0 0 0 
= Mn** 0 2 10 
“ + GSH 14 24 
PG None 0 0 0 
os Mn** 0 0 2 
cysteine 51 78 SS 
“ —+— GSH | 0 3 10 
GPG None i 0 0 2 
Mn** 27 53 67 
L cysteine 77 118 136 
0 GSH 32 58 74 


8 The data are given in per cont hydrol ysis to be expected apecte from the cleavage of 
one peptide bond. 


to the incubation mixtures results in a marked increase in the rates of 
hydrolysis of all peptides, cysteine being the more effective activator. 
DISCUSSION 
From the data obtained in earlier growth experiments with the proline- 
less strain 679-183, the suggestion was made that, when a proline peptide 


is used as the source of the nutritional requirement, a determining factor 
in the rate and extent of its utilization for growth would be the rate at 


The replacement of Mn** by Fe“ did not lead to the activation of the bacterial 
peptidases towards the proline peptides tested. On the other hand, it has bees 
shown in this laboratory that glycyl-t-leucine is hydrolyzed by extracts of E. coli 
in the presence of either Mn** or Fe**, supplemented by cysteine (J. E. Ziegler, 
unpublished experiments). 
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which it is cleaved by the appropriate bacterial peptidases (3). The results 
obtained in the present study offer additional support for this view. 

When PG or GPG serves as the exogenous source of the essential amino 
acid, the duration of the lag periods may be altered significantly by chang- 
ing the conditions of incubation during the growth test. This is not the 
ease for GP or for free P. Thus, it might be anticipated that the increase 
in lag time which occurs in the shaken culture is due to a decreased rate of 
hydrolysis of GPG. In accord with such an interpretation is the observed 
decrease in the growth rate which occurs with GPG under shaken condi- 
tions of incubation. As opposed to increased oxygenation of the growth 
media (shaken cultures), when the incubations are carried out under an 
atmosphere of nitrogen gas, the lag periods for growth on PG and GPG are 
reduced to approximately that exhibited for free proline. The data, there- 
fore, indicate that the activity of the bacterial peptidases is inhibited by 
the presence of oxygen. 

The study of the enzymatic activity of extracts of the mutant strain 
demonstrates that the cells contain peptidases that require the presence 
of Mn** and cysteine for maximal hydrolytic action. Clearly, these en- 
zymes are “anaerobic peptidases”; the presence of oxygen may be expected 
to cause oxidation of the essential enzyme activators. Consequently, the 
release of the indispensable amino acid from a proline peptide should be 
slower under aerobic than anaerobic conditions of bacterial growth. 

It is of interest to compare the rates of hydrolysis of proline peptides 
by the cell extract to the lag periods exhibited during growth of the mutant 
strain. The results shown in Table I are given in terms of the percent hy- 
drolysis to be expected from the cleavage of one peptide bond, and there- 
fore these data cannot be used to compare the extent of liberation of the 
proline moiety of GPG to that of GP and PG. However, a comparison 
of the data obtained with GP and PG shows that the cell extract, sup- 
plemented with Mn** but no sulfhydryl compound, is capable of hydrolyz- 
ing a small but significant amount of GP but not PG. In extracts supple- 
mented with both Mn** and glutathione, GP is hydrolyzed to a greater 
extent than is PG. It must be pointed out that separate enzyme systems, 
similar to the peptidases prolinase and prolidase that hydrolyze PG and 
GP in animal tissues (6, 7), may be involved in the bacterial hydrolysis 
of GP and PG. Although a comparison of the rates of hydrolysis of GP 
and PG by saline extracts of the bacteria may not necessarily reveal the 
relative extent of hydrolysis which takes place in the living microorganism, 
the data show that the addition of glutathione or cysteine to the cell 
extract supplemented with Mn“! results in a much greater increase in the 
tate of hydrolysis of PG, as compared to the effect on the hydrolysis of GP. 
Such data would suggest that the prolidase system is less sensitive to 
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oxidation than is the prolinase activity of the bacteria. This is in accord 
with the observed effect of anaerobiosis when GP and PG are used in 
the growth medium, and would also explain the shorter lag period found 
with GP than with PG in the stationary, aerobic cultures, as reported else- 
where (3). 

In view of the previous discussion, the growth data resulting from the 
use of mixtures of P and GPG (ef. Fig. 3) may be more fully understood, 
since the enzyme systems responsible for the hydrolysis of the tripeptide 
would be inhibited to a greater degree in the shaken than in the stationary 
culture. The break in the growth curve, which occurs at the density 
level attained when free proline alone is used in the medium, indicates that 
in the shaken culture this same amount of free proline is first used by 
the growing cells as the sole source of their nutritional requirement. Only 
after such growth is essentially complete is the tripeptide metabolized. 
The data for the stationary cultures suggest that, under these conditions 
too, the cells begin growth on free proline but are capable of hydrolyzing 
the tripeptide while some of the free proline remains in the medium; i., 
a smooth growth curve is obtained. Of interest, also, is the fact that the 
maximal density of growth is less than the density expected from the 
amounts of substrates present. Thus, in the case of the stationary culture, 
either the proline moiety of the tripeptide is being preferentially used to 
meet the proline requirement of the cells for division, so that more of the 
free proline is available for degradation, or, in the presence of free proline 
more of the proline moiety of the tripeptide is available for mechanisms 
involving degradation. 


The author wishes to express his appreciation to Dr. S. Simmonds and 
Dr. J. S. Fruton for valuable advice, and to Miss Jeanne Dorais for as- 
sistance in the conduct of the enzyme experiments. 


SUMMARY 


A study has been made of the effects of aerobic and of anaerobic condi- 
tions of incubation on the growth response of a prolineless mutant of 
Escherichia coli. It has been shown that, as compared to stationary cul- 
tures, under partial anaerobiosis, shaken cultures exhibit marked increases 
in the lag period and decreases in the rate of growth of the mutant when 
glycylprolylglycine is used to supply the nutritional requirement. Under 
anaerobic conditions of incubation the characteristic long lag periods ex- 
hibited in the presence of glycylprolylglycine and prolylglycine are greatly 
reduced. Investigations on the ability of saline extracts of the cells of 
this prolineless mutant to hydrolyze various peptides of proline were also 
performed. In the presence of Mn** and a sulfhydryl compound the cell 
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extracts were able to hydrolyze all the proline peptides tested. The sig- 
nifieance of this finding has been diseused in relation to the growth re- 
sponse of the mutant when the cultures are supplied with peptides of 
proline. 
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SERUM PHOSPHOHEXOSE ISOMERASE* 


Br OSCAR BODANSKY 


(From the Memorial Center for Cancer and Allied Diseases, and the Research 
Biochemistry Section, Sloan-Kettering Institute for Cancer Research, 
New York, New York) 


(Received for publication, December 2, 1952) 


In 1933 Lohmann (1) demonstrated the existence of phosphohexose 
isomerase, the enzyme which mediates the reversible conversion of glu- 
cose-6-phosphate to fructose-6-phosphate, in dialyzed frog muscle extracts 
and in simple aqueous extracts of yeast, heart, kidney, liver, and brain. 
Tanké (2) and, more recently, Somers and Cosby (3) have found this 
enzyme to be present in pea meal. Slein (4) has obtained a partially 
purified preparation of phosphomannose' isomerase from rabbit muscle. 
Although several studies have referred to the wide-spread distribution of 
phosphohexose isomerase in tissues (4, 5), this enzyme has received rela- 
tively little investigative attention. 

The present study shows that a considerable degree of phosphohexose 
isomerase activity is present in the serum of several species, including man. 
The properties of this enzyme in human blood serum are characterized, 
and quantitative data on its activity in various sera from patients with 
disease are submitted, in order to indicate the possible physiological sig- 
nificance of this enzyme in serum. 


EXPERIMENTAL 


Fructose-6-phosphate and glucose-6-phosphate were obtained as the 
barium salts (Schwarz). The values for the hydrolysis of the organic 
phosphorus of these compounds in x HCl at 100° were determined accord- 
ing to Robison’s procedure (6) and were in good agreement with the values 
reported by Robison (6) and by Lohmann (7). Fructose was determined 
by the reaction with resorcinol and HCI essentially in accordance with 
Roe’s method (8), except that the heating period was 15 minutes. The 


* This investigation was supported in part by a research grant (No. C-1351) from 
the National Cancer Institute of the National Institutes of Health, United States 
Public Health Service. 

'Slein has pointed out that, in order to name Lohmann's isomerase unambigu- 
ously according to substrate, the primary product of mannose-6-phosphate isomeriza- 
tion would have to be known. For the present, therefore, it would seem advisable 
to employ the term, phosphohexose isomerase, as previous writers have done, to 
designate the enzyme which mediates the interconversion of the glucose-6- and fruc- 
tose-6-phosphates. 


830 SERUM PHOSPHOHEXOSE ISOMERASE 
value for fructose-6-phosphate was 61.5 per cent of that for free fructose 
and was in good agreement with the value given by Umbreit and his as- 
sociates (9). 

Most of the experiments were performed with the sodium salts of the 
hexose phosphates prepared from the barium salts by precipitation with 
NaSQ,. The barium salts were employed in a few experiments as in- 
dicated in the text. Twice centrifuged serum without visible evidence of 
erythrocytes? or hemolysis was used. 

The conversion of fructose-6-phosphate (F-6-P) to glucose-6-phosphate 
(G-6-P), or the reverse action, was followed by adding serum, warmed to 
37°, to a mixture of buffer (sodium diethyl barbiturate or Michaelis’ (10) 
sodium acetate-diethyl barbiturate) and of either fructose- or glucose-6- 
phosphate, which had been kept in a thermostat regulated to 37.00° + 
0.05°. The contents were mixed rapidly, and samples were withdrawn 
at suitable times and were added to trichloroacetic acid to stop the reaction. 
The determination of the fructose color value in appropriate aliquots of 
the trichloroacetic acid filtrate was made the basis for following the 
changes in the concentration of fructose-6-phosphate, in accordance with 
the procedure used by Somers and Cosby (3). The cherry-red solutions 
resulting from the interaction with resorcinol and HCl were read in tubes 
of 16 mm. diameter at 490 my in a Coleman junior spectrophotometer. 


Results 


Changes in Glucose-6-phosphate and Fructose-6-phosphate in Presence of 
Serum—A number of experiments were performed in which the time- 
course of the interconversion of these substrates in the presence of human 
serum was followed for several hours. For example, in one experiment at 
pH 7.7 and 0.0024 m sodium fructose-6-phosphate, the optical density of 
solutions containing the equivalent of 0.4 cc. of reaction mixture decreased 
from an initial value of 0.600 to 0.502 at 30 minutes, 0.438 at 60 minutes, 
and 0.288 at 240 minutes, and remained fairly constant for the next 2 
hours. As a result of the phosphatase activity of the serum, inorganic 
phosphate was also slowly liberated. This liberation amounted, per 0.4 
cc. of reaction mixture, to 0.4 y at 30 minutes, 0.8 y at 60 minutes, 2.57 
at 240 minutes, and 4.2 y at 395 minutes. 

The question whether inorganic phosphate is liberated from fructose+ 


? We observed that as little as 1 volume of erythrocytes in 100,000 volumes o 
serum could be visibly detected as a red pellet after a single centrifugation. There 
fore, although it was found that erythrocytes also had considerable phosphohexos 
isomerase activity, calculation as well as direct determination showed that the 
increment due to possible contamination by erythrocytes was negligible under ow 
experimental conditions. 
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phosphate or from glucose-6-phosphate has been studied in the case of 
liver phosphatase (5,11). If any of the phosphate formed by the action 
of the serum phosphatase does arise from the cleavage of fructose-6-phos- 
phate, then the calculation of the concentration of this compound at vari- 
ous stages of the enzyme action should take into account the possible 
presence of free fructose which has 1/0.61 the color value of the combined 
fructose. The observed readings may be corrected by means of the fol- 
lowing formula: 


Observed optical density = (0.61 X y) + 061) K N 


where y is the amount of fructose-6-phosphate that would be present if 
there were no hydrolysis, N is the optical density produced in the Roe pro- 
cedure by a unit weight of fructose, and a is the hydrolyzed fraction of 
fructose-6-phosphate. 

Calculation of the concentration of fructose-6-phosphate from the data 

cited above on the basis of the assumptions that (a) the inorganie phos- 

phate rose solely from the glucose-6-phosphate formed, that (b) it rose 
solely from fructose-6-phosphate, or that (e) it came in approximately 
equal parts from both compounds, yielded, within experimental error, 
the same values at any particular stage during the conversion of the first 
20 to 30 per cent of the fructose-6-phosphate. However, the equilibrium 
value, expressed as the fraction of fructose-6-phosphate initially present, 
differed in the three instances. It was 47 per cent on the basis of the as- 
sumption that the inorganic phosphate came from the glucose-6-phosphate 
heing formed, 38 per cent on the basis that the phosphate rose entirely 
from the cleavage of fructose-6-phosphate, and 42 per cent on the basis 
of the assumption that the phosphate came in approximately equal parts 
from both hexose phosphate compounds. 

In general, whether glucose-6-phosphate or fructose-6-phosphate was 
used as the substrate initially present, corrections for the possible libera- 
tion of fructose during the first part of the reaction were negligible, but 
the composition of the mixture of fructose-6-phosphate and glucose-6- 
phosphate at equilibrium was 45 to 55 per cent on the basis of the first 
assumption, 35 to 65 per cent on the basis of the second, and about 40 to 
0 per cent on the basis of the third assumption.’ 


The question may be raised whether the point of equilibrium or its rate of attain- 
ment is influenced by serum enzymes other than phosphatase. The possibility of 
glucose-6-phosphate being changed to glucose-1-phosphate would seem to be negligi- 
ble, first because the ratio of G-6-P to G-1-P at equilibrium in the phosphoglucomu- 
tase reaction is 95 to 5 per cent, and, secondly, because with glucose-1-phosphate 
as substrate no evidence of phosphoglucomutase activity was found in any of the 
plasmas of a group of four normal persons and eight with disease. The possibility 
that fructose-6-phosphate might be converted to fructose-1,6-diphosphate under 
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Fig. 1 shows the rates at which equilibrium is approached from either 
substrate under the influence of rat serum. The rate of liberation of 
inorganic phosphate was also determined, and the observed fructose color 
values were corrected on the basis that about half the liberated phosphate 
rose from the cleavage of fructose-6-phosphate. The equilibrium point, 
as may be seen, was at 40 per cent F-6-P and 60 per cent G-6-P. 


* * 


PERCENT OF GLUCOSE -6-PHOSPHATE 


i = 4 00 
O 100 200 300 400 
TIME -MINUTES 


Fig. 1. Equilibrium in phosphohexose isomerase action of rat serum. @, course 
of conversion of sodium fructose-6-phosphate; O, conversion of glucose-6-phos- 
phate. Final concentrations of substrate 0.002 u, of sodium acetate-diethyl bar- 
biturate buffer 0.028 u, and of serum 0.05 cc. per cc. of the reaction mixture; tempera- 
ture, 37°; final value, 7.4 pH. The values given are corrected on the basis that 
inorganic phosphate liberated in the course of the reaction is due in equal parts to 
hydrolysis of both substrates (see the text). 


The equilibrium point on any of the three assumptions concerning the 
locus of phosphatase actions falls well within the range of values given in 
the literature for tissue phosphohexose isomerases. Several texts (13, 
14) note a value of about 30 to 32 per cent fructose-6-phosphate and 68 to 
70 per cent glucose-6-phosphate, but this is apparently based upon Lob- 
mann’s results with frog muscle (1). Lohmann submitted the following 
our experimental conditions is also negligible. Adenosinetriphosphate, necessary 
for the mediation of this reaction, is not present in serum (12). The diphosphate 


is readily hydrolyzed in n HCl or H. SO. at 100°, namely to the extent of 37 per een 
in 10 minutes and 67 per cent in 1 hour (7). Analyses of mixtures of plasma or ser 


with fructose-6-phosphate, which had been incubated for periods as long as 24 hour, 
gave no evidence of the formation of the labile diphosphate ester. 
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values for the fruetose-G- phosphate at equilibrium in other tissues: heart 
34, yeast 33, kidney 40, and liver 44 per cent. 

Hydrolyzable Phosphorus at Equilibrium Point—Analysis of the acid- 
hydrolyzable properties of the organic phosphorus in the equilibrium mix- 
ture supported the view that the serum was mediating the reaction, 
glucose-6-phosphate = fructose-6-phosphate. In the present work, the 
fraction of organic phosphorus hydrolyzed in 1 hour in & HCl at 100°, in 
accordance with Robison’s procedure (6), was found to be 3.4 per cent for 
glucose-6-phosphate and 40.4 per cent for fructose-6-phosphate. Table 
I shows that the phosphorus hydrolyzed in 1 hour at equilibrium in reaction 
mixtures, containing initial concentrations of 0.004 M barium-glucose-6- 
phosphate, 0.012 m sodium diethyl barbiturate, and 0.01 cc. of a potent 


Taste I 


Theoretical and Found Values of I Hour Acid-Hydrolyzed Phosphorus at Equilibrium 
in Conversion of — to Fruetose g. phosphate by Human Serum 


“Fraction of G-6-P traction of organic 
converted as determined 5 


— — 


“by fructose color value 
| | ‘Theoretical | “Found 
— — — 
1 38 | 17.5 20.6 
2 36 | 16.7 13.0 
3 41 | 18.6 19.7 
4 41 | 18.6 | 15.5 


serum per cc. of reaction mixture, averaged 17.2 per cent in four experi- 
ments. This value was in good agreement with the average value, 17.9 
per cent, calculated on the assumption that the glucose-6-phosphate was 
converted to fructose-6-phosphate. 

Serum Phosphohexose Isomerase Activity in Various Species—Table II 
shows that phosphohexose isomerase activity was also present in the serum 
of the adult rat, dog, cat, and the 4 day-old chick. The extent of the 
activity is expressed as the initial reaction velocities with which fructose-6- 
phosphate and glucose-6-phosphate are converted into each other. It 
may be noted that at a comparable pH range the rate of conversion of 
glucose-6-phosphate into fructose-6-phosphate was greater than the re- 
verse reaction. The serum alkaline phosphatase activities of the various 
sera are also noted. 

Stability of Serum Phosphohezose Isomerase—It appeared of value to 
determine some of the conditions governing human serum phosphohexose 


— —— — —— — — — —— —— 
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isomerase activity, particularly in view of the fact that these aspects do 
not seem to have been previously studied in any tissue or extract con- 
taining this enzyme. As a preliminary step to such studies, it was found 
that the isomerase was quite stable. Thus sera could be kept for about 
8 hours at room temperature after collection and about 1 to 2 weeks at 
ice box temperature without showing any decrease in activity. For ex- 
ample, aliquots of a batch of pooled serum in a concentration of 0.03 ce. 
of serum per cc. of reaction mixture were tested at a pH of 6.6 in a solution 
containing 0.004 m barium glucose-6-phosphate and 0.012 m sodium diethyl 


Taste II 
Serum Phosphohezose Isomerase Activity in Various Species 
Concentration of substrate in the reaction mixture, 0.002 u; of Michaelis acetate- 
diethyl barbiturate buffer, 0.071 m at pH 7.42; of serum, 0.05 cc. per cc. of the reaction 
mixture; temperature, 37°; pH values in the reaction mixture, 7.42 to 7.54. 


9 F-6-P G-6-P 
Fructose formed 
per cc. per min. per cc. per min. 
Rat | 3.45 5.25 36.3 
Dog 1 | 0.46 0.76 1.36 
* 2 | 0.63* 1.00* 2.27 
Cat 1 | 3.05 4.00 0.77 
* | 11.0 | 15.6 1.49 
Chickt 12.0 17.3 | 52.8 


These determinations were carried out with a concentration of 0.1 ce. of serum 
per cc. of the reaction mixture; the resultant values were, therefore, divided by 2 
to give values shown in Table II. 

t Pool of serum from 4 day-old chicks; slight hemolysis. 


barbiturate buffer. The activities, expressed as micrograms of fructose 
formed as fructose-6-phosphate per minute per cc. of reaction mixture, 
were 1.38, 1.45, and 1.45 at 1, 3, and 6 days after collection. 

Inactivation of Human Serum Phosphohexose Isomerase at Varying Tem- 
peratures—Aliquots of serum were incubated in a water bath at various 
temperatures (+0.5°) for 10 minutes. The tubes containing these aliquots 
were then transferred to the thermostat at 37° and the isomerase activity 
was determined. Table III shows that incubation at 40° caused no change 
in activity, but that there was a definite decrease at 45° and 50°. Incuba- 
tion at temperatures over 55° resulted in a practically complete loss of 
enzyme activity. 

Effect of pH—Fig. 2 shows that serum phosphohexose isomerase ac- 
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tivity was absent at pH’s below about 4.0, that it rose at higher pH values 
to attain a fairly broad optimum at about 7 to 8 when glucose-6-phosphate 
was the substrate, and thereafter declined again. With sodium fructose- 
6-phosphate in an equimolar concentration, the pH-activity curve seemed 
somewhat steeper and the pH optimal range somewhat narrower and in a 
slightly more alkaline region. In most of the series of experiments, a 
final concentration of 0.012 m sodium diethyl barbiturate was used at 
all pH values in order to keep the factor of salt concentration constant. 


Taste III 
Inactivation of Serum Phosphoherose Isomerase by Incubation for 10 Minutes at 
Varying Temperatures 

Activity of incubated enzyme tested at 37°, 0.012 u sodium diethyl barbiturate 
buffer (pH 7.5), and (a) 0.00156 u sodium fructose-6-phosphate and 0.067 ce. of serum 
per ec. of the reaction mixture, or (b), 0.008 „ sodium glucose-6-phosphate and 0.1 
ec. of serum per cc. The reaction velocity was calculated for the initial portion 
of the reaction. 


— — — — — —ͤ—f4ſ ̃— 


(a) Fructose-6-phosphat | () Glucose-6-phosphate 


Temperature of 
inactivation Activity as fraction Activity as fraction 
*. per cc. per min. per cent ber cc. per ins. per cent 
Control | 2.53 100 5.70 100 
40 2.60 103 5.30 93 
ae 1.50 59 4.80 | 84 
50 1.17 46 3.80 | 67 
55 0.00 0 | 0.40 | 8 
60 . 


The use of Michaelis’ acetate-diethyl barbiturate buffer yielded essentially 
the same pH-activity relationship. 

Effect of Enzyme Concentration—It has been shown that the velocity of 
an enzyme reaction is directly proportional to the concentration of en- 
zyme, provided that necessary activators are present and that inhibitors 
are absent from the enzyme preparation (15, 16). Table IV shows that 
the phosphohexose isomerase activity of human serum is directly propor- 
tional, within experimental error, to the concentration of serum through- 
out a 10-fold variation of the latter. 

Influence of Substrate Concentration—The initial reaction velocities were 
determined at concentrations of barium glucose-6-phosphate ranging from 
1X IO VM to 12 X 10° M. Plotting of the reciprocals of the reaction 
velocities against the reciprocals of the substrate concentrations, in ac- 
cordance with the Lineweaver-Burk transformation (17) of the Michaelis- 
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* * * 


2 
4 


CONVERTED PER CC PER MIN. 
Q 


or HEXOSE, AS HEXOSE-6-PHOSPHATE, 


Fic. 2. pH-activity curve with human serum phosphohexose isomerase. Con- 
centration of substrate (sodium salt) in the reaction mixture 0.002 m, of sodium 
diethyl barbiturate buffer 0.012 M, of pooled human serum 0.1 cc. per cc. of 
the reaction mixture; temperature, 37°. The initial reaction velocities were de- 
termined. For the experiments with fructose-6-phosphate (upper part of figure), 
Michaelis’ acetate-diethyl barbiturate buffer of varying pH values (10) was also 
employed in a concentration of 0.2 cc. per cc. of the reaction mixture. The velocities 


thus obtained are designated with X. 


TABLE IV 

Proportionality between Phosphohezose Isomerase Activity and Concentration of Serum 
Final concentrations of barium glucose-6-phosphate 0.008 u; of sodium diethyl 
barbiturate buffer, 0.012 u; pH in optimal range, 7.3 to 7.8; temperature, 37°. 


— 


Reaction velocity as reciprocal of time _| 
cc. min. K 
0.02 0.0180 0.90 
0.04 0.0323 0.81 
0.10 0.083 0.83 
0.20 0.167 | 0.84 
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Menten equation (18), gave the linear relationship shown in Fig. 3. The 
value of the Michaelis constant, K,, was 0.00122 mole per liter. 

Effect of Metal ſons Magnesium in concentrations up to 10 or 107 
u exerted no activating effect. This is similar to the finding of Lohmann, 
who observed that this ion did not activate the phosphohexose isomerase 
of frog muscle (1). The experiments were performed with 0.0016 M so- 
dium fructose-6-phosphate and 0.012 m sodium diethyl barbiturate buffer. 


O. * * * * * 


i/V 


200 400 600 B00 (000 
178 

Fic. 3. Relation between concentration of substrate, barium glucose-G- phosphate, 

and reaction velocity of serum phosphohexose isomerase in accordance with the 


Lineweaver-Burk equation: 4 = * 1 + 1 . V is the initial reaction 
max, 


velocity, expressed as fructose formed as fructose-6-phosphate per ce. of the reaction 
mixture per minute. S is the concentration of substrate, in moles per liter. Vmmex. 
is the reaction velocity at maximal (theoretically infinite) concentration of sub- 
strate; temperature, 37°; pH in optimal range, 7.3 to 7.7. 


The pH ranged from 7.5 to 7.8. Cobalt and manganese which, like mag- 
nesium, are activators of a number of enzymes involved in glycolysis (19), 
similarly failed to exert any effect in the concentrations tested; namely, 
X 10“ and 1 X 10M. Beryllium, which is a potent inhibitor of tissue 
phosphatase (20, 21), had no inhibitory action in concentrations ranging 
from 10-* to 10 Mu. Zine did not inhibit at 10~ or 10-° m, but at 10 
u the inhibition was about 50 to 60 per cent with sodium fructose-6-phos- 
phate as substrate and about 40 per cent with sodium glucose-6-phosphate 
(0.002 n). The pH in these experiments was usually between 7.40 and 
7.50. The effect of copper (Cu) was not evaluated since it was found 
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that the presence of this ion in the filtrate subjected to the Roe procedure 
led to an orange color instead of the typical cherry-red color and caused 
a decrease in the transmission at 490 mu. 

Correlation between Serum Phosphoherose Isomerase and Serum Alkaline 
Phosphatase Activities—-The phosphohexose isomerase activity of a num- 
ber of sera from patients with disease was determined in duplicate under 
the following conditions: concentration of sodium fructose-6-phosphate, 
0.0015 u; sodium diethyl barbiturate buffer, 0.012 m; serum, 0.04 cc. per 
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SERUM ALKALINE PHOSPHATASE ACTIVITY-UNITS 


Fic. 4. Correlation of phosphohexose isomerase and alkaline phosphatase activi- 
ties in sera of patients with disease. See the text for the details of methods of de- 


termination. 


cc. of reaction mixture; temperature, 37°; pH 7.5 to 7.6. Readings were 
made at 20 and 40 minutes after the start of the reaction, and one or 
both readings were used for the calculation of initial reaction velocities. 
A number of the sera were from patients with cancer who had metastases 
which involved the skeletal system or the liver, and which, therefore, led 
to high serum alkaline phosphatase activities. In the course of these de- 
terminations it was observed that individuals with high serum alkaline 
phosphatase activities also tended to have high serum phosphohexos 
isomerase activities. 

Fig. 4 shows a plot of the serum phosphohexose isomerase activities 
against the alkaline serum phosphatase activities for eighteen of a group 
of nineteen patients. The reason for excluding this one patient from this 
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plot will be noted presently. Computation of the correlation coefficient, 
, yielded a highly significant value for a positive correlation; namely, 
+0.91 with a ¢ value of 9. The regression equations were 


Y’ = 0.104X + 0.100 (1) 
X’ = 7.96Y + 2.30 (2) 


where X and Y were the observed alkaline phosphatase and phosphohexose 
isomerase activities, respectively, and X“ and F“ are the predicted values 
for these two enzymes, respectively. The value for cy „ x, the standard 
error of Y as estimated from X, was 0.68. The value for cx x y, the stand- 
ard error of X as estimated from Y, was 6.0. 

It may be shown statistically that the patient, M. C., did not belong to 
the population represented by the plot in Fig. 4, and that it was, therefore, 
proper to exclude him. This patient repeatedly had, at different times 
during his hospital stay, a low serum phosphohexose isomerase activity in 
the presence of an extremely high serum alkaline phosphatase activity. 
On two occasions the latter was 59 and 68 Bodansky units; on the basis of 
Equation 1, the phosphohexose isomerase activities should have been, 
respectively, 6.3 y and 7.2 7 of fructose, as F-6-P, converted per cc. of 
reaction mixture per minute. Actually these activities were 0.70 and 0.53 
v of fructose converted per cc. per minute, or less than the values derivable 
from Equation 1 by more than 7 to 8 times the standard error. 


DISCUSSION 


The present investigation has shown that there is a considerable degree 
of phosphohexose isomerase activity present in the serum of such divergent 
species as the chick, rat, dog, cat, and man. Its presence in other species 
is also indicated. A number of studies have shown or indicated that this 
enzyme is widely distributed in tissues, and the question arises which of 
these tissues is the source of the enzyme in serum. Our observation that 
there is a significant correlation between the serum alkaline phosphatase 
and the serum phosphohexose isomerase activities in a group of patients 
with metastatic cancer of the skeleton or liver raises the problem whether 
the mechanisms governing the levels of these two enzymes in the serum 
are in general similar, or whether they are different and are merely fre- 
quently affected simultaneously in patients such as those considered here. 
Studies are in progress to obtain further information concerning this 
problem. 


SUMMARY 


1. A considerable degree of phosphohexose isomerase activity has been 
shown to be present in the serum of the rat, cat, dog, chick, and man. 
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2. The following characteristics of serum phosphohexose isomerase ac- 
tivity have been studied: the equilibrium point in the action on the hexose- 
6-phosphate esters, stability at room and ice box temperature, inactivation 
by heat, effect of pH, effect of enzyme and substrate concentration, and 
the effect of metal ions. 

3. A significant correlation was found to exist between the phospho- 
hexose isomerase and alkaline phosphatase activities in the sera of patients 
with cancerous disease. The implications of this relationship are briefly 
discussed. 


It is a pleasure to acknowledge the technical assistance which Evelyn 
Halpern, Drusilla Calitri, Suzanne Loebl, and Rose Sklar furnished at 
various stages of this work. 


BIBLIOGRAPHY 


1. Lohmann, K., Biochem. Z., 262, 137 (1933). 
2. Tanké, B., Biochem. J., 30, 692 (1936). 
3. Somers, G. F., and Cosby, E. L., Arch. Biochem., 6, 295 (1945). 
4. Slein, M. W., J. Biol. Chem., 186, 753 (1950). 
5. Cori, G. T., Ochoa, S., Slein, M. W., and Cori, C. F., Biochim. et biophys. acta, 
7, 304 (1951). 
6. Robison, R., Biochem. J., 26, 2191 (1932). 
7. Lohmann, K., Biochem. Z., 194, 306 (1928). 
8. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 
9. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
related methods for the study of tissue metabolism, Minneapolis, 169 (1945). 
10. Michaelis, L., Biochem. Z., 234, 139 (1931). 
11. Swanson, M. A., J. Biol. Chem., 184, 647 (1950). 
12. Barrenscheen, H. K., and Vasérhelyi, B., Biochem. Z., 230, 330 (1930). 
13. Lardy, H. A., in Respiratory enzymes, Minneapolis, 187 (1949). 
14. Sumner, J. B., and Somers, G. F., Chemistry and methods of enzymes, New York, 
2nd edition, 136 (1947). 
15. Bodansky, O., Science, 86, 52 (1937). 
16. Bodansky, O., J. Biol. Chem., 120, 555 (1937). 
17. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
18. Michaelis, L., and Menten, M. L., Biochem. Z., 49, 333 (1913). 
19. Lehninger, A. L., Physiol. Rev., 30, 393 (1950). 
20. Klemperer, F. W., Miller, J. M., and Hill, C. J., J. Biol. Chem., 180, 281 (1949). 
21. Grier, R. S., Hood, M. B., and Hoagland, M. B., J. Biol. Chem., 180, 289 (1949). 


I 
the 
anc 
gat 
par 
of t 
beet 
rout 
puri 
of 
tic 
tions 
of D 
net i 
in Ca 
T 
Schoo 
of De 
tP 
Prese 
Italy. 
'T 
tide, 
nueleo 
hydrog 


SES 285% 8 


York, 


(1949). 
(1949). 


KINETIC AND EQUILIBRIUM STUDIES ON CRYSTALLINE 
L-GLUTAMIC ACID DEHYDROGENASE* 


By JAMES A. OLSONH AND CHRISTIAN B. ANFINSEN{ 
(From the Laboratory of Cellular Physiology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland, and 


the Biophysical Laboratory and the Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, September 8, 1952) 


The crystallization of L- glutamie acid dehydrogenase from beef liver and 
an investigation of some of its physical and kinetic properties have been 
the subject of several recent communications from this laboratory (1-4) 
and elsewhere (5). A continuation of the kinetic studies and an investi- 
gation of the equilibrium catalyzed by the enzyme are presented in this 
paper. 


EXPERIMENTAL! 


The spectrophotometric procedure for determining the specific activity 
of the enzyme and the preparation of reagents employed in the assay have 
been described previously (3). 

DPN—Commercial preparations of DPN (60 per cent) were used in 
routine assays. For critical experiments, commercial DPN was further 
purified by several adsorptions on Dowex 1 formate columns by the method 
of Kornberg and Pricer (6). The dried DPN was assayed by the enzyma- 
tic method of Bonnichsen (7), in which the crystalline yeast alcohol en- 
zyme (8) was employed rather than the liver enzyme. The best prepara- 
tions were 84 per cent pure as determined by the formula, micromoles 
of DPN per cc. = (optical density)/6.22 (9), in which optical density is the 
net increase in optical density at 340 ma. This formula was also used 
in calculating the purity of TPN and desamino DPN. 

TPN—TPN prepared by the method of Kornberg and Horecker (10) 


* This report is taken from a thesis submitted by James A. Olson to the Graduate 
School of Arts and Sciences, Harvard University, in partial fulfilment of the degree 
of Doctor of Philosophy. 

t Predoctorate Fellow, National Institutes of Health, Bethesda, Maryland. 
Present address, Istituto Superiore di Sanita, Viale Regina Margherita 299, Rome, 
Italy. 

Present address, National Heart Institute, Bethesda, Maryland. 

The following abbreviations are used in this report: diphosphopyridine nucleo- 
tide, DPN; reduced diphosphopyridine nucleotide, DPNH; triphosphopyridine 
nucleotide, TPN; reduced triphosphopyridine nucleotide, TPNH; glutamic acid de- 
hydrogenase, GAD. 
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842 L-GLUTAMIC DEHYDROGENASE 
was kindly provided by Dr. Sidney Udenfriend. The coenzyme prepara- 
tion was assayed by the phosphogluconate method of Horecker and Smyr- 
niotis (11) and was found to contain 81.7 per cent TPN. No DPN was 
present in the TPN preparation. The authors are grateful to Dr. Bernard 
Horecker for a preparation of phosphogluconic dehydrogenase and to Dr. 
Severo Ochoa for a sample of TPN. 

Desamino DPN—A solution of desamino DPN prepared by the nitrous 
acid method of Schlenk et al. (12) was generously given by Dr. Nathan 
Kaplan (13). The coenzyme as assayed by the modified method of Bon- 
nichsen (7) was 40.6 per cent pure. 

N- Acetyl- L- gluiamic Acid—N-Acetyl-L-glutamic acid was prepared by 
the method of Knoop and Oesterlin (14) and was twice recrystallized; re- 
ported m. p. 195-197°; observed m. p. 195-196°. 

L-Pyrrolidonecarborylic Acid Pyrrolidonecarboxylie acid was synthe- 
sized by Lichtenstein’s procedure (15) and was twice recrystallized from 
water; reported m. p. 165°; observed m.p. 154 159˙. Some racemization 
of this compound probably occurred during its preparation.2 No nin- 
hydrin-positive material was present, however, and no glutamic acid was 
detected upon paper chromatography of the compound in the phenol-water 
and pyridine-water systems. 

Diethylglutamic Acid—Diethylglutamic acid was prepared by the method 
of Chiles and Noyes (16) and was recrystallized from ethanol-water; 
reported m. p. 96-98°; observed m. p. 98°. The sample was contaminated 
by traces of glutamic acid and its y-ethyl ester as determined by chro- 
matography of the compound in the phenol-water and pyridine-water 
systems. 

The y-ethyl ester of glutamic acid, the y-ethylamide and y-methylamide 
of glutamic acid, and a-aminoadipic acid were kindly provided by Dr. 
Alton Meister, p-glutamic acid by Dr. Jesse Greenstein, N-carbamylglu- 
tamic acid by Dr. Milton Silverman, and N-phthalylglutamic acid by 
Dr. W. Wayne Kielley. 

Glutamine, aspartic acid, bi-glutamie acid, hydroxylamine hydrochlo- 
ride, methylamine, ethylamine, diethylamine, nicotinamide, and nicotinic 
acid, obtained commercially, were used without further purification. The 
hydroxylamine hydrochloride was neutralized just before use. 


Results 


Coenzyme Specificity and Effect of pH—The activity of crystalline glu- 
tamic dehydrogenase towards DPN, desamino DPN, and TPN was tested 
in several buffers over pH 6 to 9. The results are given in Fig. 1. In 
glutamate oxidation, the ratios of the specific activities of the enzyme at 


? Peters, T., personal communication. 
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the optimal pH values for DPN, desamino DPN, and TPN were 100:60:35, 
respectively. In histidine buffer, the pH optimum for DPN and TPN 
was pH 8.0 to 8.1, whereas that for desamino DPN was pH 8.1 to 8.5. An 
optimum of pH 7.6 was observed for DPN and TPN when the assays 
were carried out in Veronal or phosphate buffer. The optimal pH for 
DPNH oxidation in Veronal buffer was found to be pH 7.6 as well. 


756 
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Fig. 1. The rate of coenzyme reduction or reduced coenzyme oxidation as a fune- 
tion of pH. Final concentrations of reactants, (a) 0.011 u K glutamate, 2.1 X 10 
u DPN; (6) 0.011 u K glutamate, 2.1 Xx 10°‘ u TPN; (e) 0.011 u K glutamate, 2.1 X 
10 u desamino DPN; (d) 0.011 u K a-ketoglutarate, 0.1 u ammonium chloride, 
21x IO DPNH. Enzyme concentration, 4 / per ec. (a, b, c and 0.2 y per ce. 
(d). Final volume in all cuvettes, 3.0 ce. of 0.1 u buffer; temperature 25°. Assays 
conducted spectrophotometrically as previously described. In glutamate oxida- 
tion the enzyme was maximally active with DPN as the coenzyme in 0.1 u histidine 
buffer at pH 8.0 to 8.1. The enzyme activity at other hydrogen ion concentrations 
and with other coenzymes was calculated as a percentage of this value; hence, (a), 
(b), and (e) are directly comparable; (d), however, is not on the same scale. 
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Substrate Specificity—The specificity of crystalline GAD towards a num- 
ber of derivatives and analogues of glutamic acid was also investigated, 
Of the compounds tested, only t-glutamic acid was appreciably oxidized. 
The y-ethyl ester and diethyl ester of glutamic acid were 3 to 5 per cent 
as active as glutamate, but this was probably due to traces of L-glutamate 
in these compounds. p-Glutamate, N-acetyl glutamate, N-carbamyl glu- 
tamate, N-phthalyl glutamate, glutamine, the y-ethylamide and y-methyl- 
amide of glutamic acid, L-aspartate, L-a-aminoadipate, and pyrrolidonecar. 
boxylate were not oxidized by the enzyme. In fact, aspartate, glutamine, 
and p-glutamate, in the presence of an equimolar concentration of . 
glutamate, inhibited enzyme activity by 10, 20, and 50 per cent respec. 
tively. The final substrate concentration in all cases was 0.001 u, which 
is the Michaelis constant for L-glutamate. 

Similar experiments were conducted with several ammonia derivatives. 
The final concentration of the compounds tested was 0.1 u, which was 
roughly twice the Michaelis constant for ammonia. Methylamine, eth- 
ylamine, and diethylamine were completely inert. Hydroxylamine was 
slightly active, but this may have been due to the formation of traces of 
ammonia as a result of hydroxylamine decomposition (17). Furthermore, 
in equimolar concentration with ammonium chloride, hydroxylamine in- 
hibited enzyme activity by 30 per cent. 

Effect of Sulfhydryl-Binding Reagents—Further studies on the inhibition 
of GAD were conducted with p-chloromercuribenzoate and o- iodosoben- 
zoate. The former reagent caused a 50 per cent inhibition of the enyzme 
at a concentration of 1.1 X 10~ m (Fig. 2), whereas the latter reagent had 
no effect on the enzyme at a concentration as high as 3 X 10 Mu. The 
inhibition due to p-chloromercuribenzoate was 80 per cent reversed by the 
addition of glutathione, at a concentration 60 times that of the inhibitor 
(Fig. 3). 

Effect of Heavy Metals—Silver, mercury, zinc, and ferric iron inhibited 
the enzyme, as shown in Fig. 2. The enzyme was inactivated immediately 
by silver, whereas the inhibition due to mercury increased slowly and was 
not complete until 15 to 20 minutes after the addition of the enzyme. 
About 10 per cent of the activity abolished by silver ions was restored by 
high concentrations (0.01 to 0.05 ) of cysteine. The mercury-inactivated 
enzyme, however, was completely refractory to treatment with 0.05 » 
cysteine, 0.04 M ethylenediamine tetraacetic acid, or a combination of the 
two. The inhibitions caused by zine and ferric iron, on the other hand, 
were completely reversed by 9 X 10~ M cysteine. 

Other compounds which were tested, FeCl, MgSO,, PbOAc, CuSO, 
CaCh, and MnSO,, had no effect on the enzyme activity at the con- 
centrations employed. The highest concentration of calcium tested wa 
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3 X 10-* M, whereas the maximal concentration of the other compounds 
examined was 2 X 10 u. 


NICOTINAMIDE 
** 
= NICOTINIC ACIO 
Ag® 
— 40 
0 4 4 4 


-LOG [I] 

Fic. 2. The effect of inhibitors on glutamic dehydrogenase activity. Final con- 
centrations of reactants, 0.011 u K glutamate, 1.7 X lO M DPN, 0.1 Mu potassium 
phosphate buffer, pH 7.6. Inhibitor was present in varying concentrations. At 
zero time, 10.05 7 of GAD in 0.055 ce. were added to give a final volume of 3.0 cc., 
and the activity was determined in the usual manner. Concentrations of inhibitors 
at which the enzyme (3.4 y per cc.) was 50 per cent inhibited were AgNO,, 3.2 X 
10°? mw; 3.5 X 10 Mu: p-chloromercuribenzoate, 1.1 X IO ZnSO,, 1.7 * 
FeCl,, 4.4 X 10M. 
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Fic. 3. Reversal of p-chloromercuribenzoate inhibition by glutathione. Final 

concentrations of reactants, 0.011 u K glutamate, 1.5 X 10°‘ wm DPN, 3.0 Xx 10°* * 

to 3.3 X lO m p-chloromercuribenzoate, 0.2 Mu potassium phosphate buffer, pH 7.6. 

Enzyme was added and the extent of inhibition at different inhibitor concentrations 

noted. Thereafter, 0.1 cc. of 0.33 M glutathione in 0.2 M potassium phosphate buffer, 

pH 7.6, was added to all cuvettes and the activity was determined. The results 

are plotted as a percentage of the uninhibited enzyme activity at various gluta- 
thione-inhibitor ratios. 


Effect of Coenzyme Analogues—Neither nicotinamide nor nicotinie acid 
was an effective inhibitor of GAD (Fig. 2). No inactivation was noted 
by either compound at a concentration 20 times that of the coenzyme, and, 
at an inhibitor-coenzyme ratio of 300: 1, nicotinamide inhibited the enzyme 
by only 10 per cent and nicotinic acid by 20 per cent. 
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Effect of Anions—In studies on the variation of enzyme activity with 
ammonium chloride concentration, a 50 per cent inhibition was observed 
at 1.5 u ammonium chloride. In order to determine whether this in- 
hibition was due to the ammonium ion or to the chloride ion, an investiga- 
tion of the effect of sodium chloride, potassium chloride, sodium nitrate, 
potassium nitrate, and potassium phosphate buffer was carried out. So- 
dium chloride and potassium chloride inhibited the enzyme to the same 
degree that ammonium chloride did; potassium phosphate buffer, pH 7.6, 
caused 50 per cent inactivation at 0.5 u (T/2 = 1.4), and potassium ni- 
trate and sodium nitrate reduced the activity to one-half at 0.25 u. 

It seems likely, therefore, that the inhibition caused by ammonium 
chloride is due either to the chloride ion or to the high ionic strength. The 
fact that phosphate caused a similar inhibition at the same ionic strength 
as that of the chlorides supports the latter view. Nitrate ions, on the 
other hand, are somewhat more inhibitory. 

Equilibrium Studies. It was first necessary to determine whether the 
equilibrium constant should be calculated for the over-all reaction, 


Glutamate + H-O + DPN = a-ketoglutarate + NH,* + DPNH + H* (1) 


or whether a constant determined for the reaction, 
t-Glutamate + DPN = a iminoglutarate + DPNH + H* (2) 


must be employed. Von Euler et al. (18) suggested that, in the latter 
reaction, the imino compound could be stabilized by high ammonia con- 
centrations. 

Hence a series of experiments was carried out in which the ammonia 
concentration was varied over a wide range. The data and the calculated 
equilibrium constants, determined for both Reactions | and 2, are given 
in Table I. 

It is evident that the equilibrium constant, A,, for the over-all reaction 
remained fairly constant over a wide range of ammonia concentrations, 
whereas the values obtained by the modified von Euler formulation, X. 
increased progressively with the ammonia concentration. Thus, it can 
be stated that an appreciable amount of stable a-iminoglutarate does not 
exist in solution, as previously proposed. Since the A, expression re- 
mained fairly constant, it was employed in calculating the constant in 
equilibrium experiments with TPN and desamino DPN as well. 


In the brief reports of this work which have appeared previously (2, 4), the 
equilibrium constants were determined by the formula 
(glutamate) (DPN) (H,O) 
(a-ketoglutarate) e) (NH,*) (DPN H) (H*) 


by von Euler's convention (18), in which the activity of water was taken as 1. The 
i values reported in the present paper, therefore, are equal to 1/(K X 55.56). 
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To indicate whether or not a stable equilibrium state had been reached 
in this investigation, experiments with TPN were conducted in which the 
equilibrium was approached from the reverse direction. The experimental 
details are presented in Fig. 4. The average equilibrium constant cal- 
culated from experiments in which equilibrium was approached from the 
a-ketoglutarate side was 1.98 + 0.33 X 10 mole per liter, in fairly good 


Taste 
Effect of Ammonia Concentration on Equilibrium Constant 
Each cuvette contained initially the given concentrations of DPN and glutamate, 
0.56 mg. of GAD, and varying concentrations of XII. CI in 0.2 u potassium phos- 
phate; total volume, 3.0 cc.; temperature, 27°. The DPN preparation was 84 per 
cent pure. DPNH formation was followed spectrophotometrically at 340 ma and 
the equilibrium pH was determined with a model G Beckman pH meter (glass elec- 
trode) at the conclusion of the experiment. In the calculation of K,, the molar 
concentration of water was employed. Equilibrium was reached in 70 to 80 minutes. 


—ͤ— — 


en Glutamate tl DPNH br Ks 
2 7.66 2.18 0.0551 2.310 1.375 0.965 0.0024 3.42 | 775 
3 7.65 2.21 0.0535 2.265 0.815 1.420 0.0111 4.22 201 
4 7.66 2.18 0.0551 2.340 0.640 1.700 0.0 3.95 90 
5 7.62 2.40 0.0547 2.320 0.455 1.865 0.0455 3.94 49 
6 7.58 2.63 0.0543 2.300 0.370 1.930 0.0077 4.14 34 
7 7.58 2.63 0.0535 2.265 0.295 1.970 O.111 4.39 21.9 
8 7.45 3.55 0.0160 1.950 0.130 1.820 0.515 | 6.90 7.4 
9 7.38 4.16 0.0904 1.670 0. % 0.869 6.62 4.25 
10 7.32 4. 1.460 0.060 1.4% 1.143 | 7.66 3.80 


(a-ketoglutarate)(NH,*)(DPNH)(H*) 
(glutamate) (DFN) 


(a-iminoglutarate)(DPNH)(H*) 
(glutamate) (DPN) 


Ks 


agreement with the value of 1.78 + 0.23 Xx 10-" mole per liter for the 
equilibrium approached from the glutamate side. 

A summary of the average equilibrium constants determined with DPN, 
TPN, and desamino DPN is given in Table II, together with the caleu- 
lated standard free energy changes of the reactions. 

The standard state was defined by the Lewis and Randall convention 
(19); that is, assuming that the concentration of all reactants in the stand- 
ard state is 1 u with the exception of water, which is 55.56 u. Since the 


en 


m IN MINUTES 
Fic. 4. Changes in the equilibrium state due to the addition of reaction products. 
Initial concentrations of reactants, 0.011 M potassium glutamate, TPN, from 1.4 x 
10~* to 3.9 X 10 u, and 0.56 mg. of GAD in 0.2 u potassium phosphate buffer, 
pH 7.53. The system was allowed to reach equilibrium and the equilibrium con- 
stant was calculated. Thereafter, 0.02 cc. of u/6 a-ketoglutarate was added to each 
of three cuvettes, and 0.02 cc. of 3 Mu NH. CI was added to each of two others. Addi 
tion is indicated by arrows in the diagrams. After equilibrium had been achieved 
a second time, extinction readings were taken and the equilibrium constants were 
recalculated. 


Taste II 
Summary of Equilibrium Values and Free Energy Changes 

Experiments with DPN were conducted under the following conditions: pH range, 
6.4 to 7.5; L-glutamate, 0.0005 to 0.055 Mu; DPN, 2.12 to 2.15 Xx 10~* ; temperature, 
27°; equilibrium was reached in 60 to 70 minutes. TPN experiments were carried 
out as follows: pH range, 6.4 to 7.5; L-glutamate, 0.011 to 0.055 mu; TPN, 1.8 to 3.9 
X 10-* m; temperature, 27°; equilibrium time, 40 to 50 minutes. For desamino DPN, 
pH range, 6.8 to 8.1; t-glutamate, 0.011 u, desamino DPN, 1.0 X lO temperature, 
26°; equilibrium time, 120 minutes. The final volume in all cuvettes was 3.0 ce, 
containing 0.56 mg. of GAD and the necessary reactants in 0.2 u potassium phos- 
phate buffer. 
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calculated equilibrium constants included water as a reactant, the standard 
free energy is given by the relation, 
-A = RT In R. X 55.56 

Ee“ for Oridation-Neduction Systems—Differences in the value of the 
equilibrium constants determined for DPN, TPN, and desamino DPN 
reflect variations in the standard oxidation-reduction potentials of the 
coenzymes. A standard oxidation-reduction potential value, at pH 7 and 
30°, of —0.278 volt for the DPN-DPNH system was directly determined 
recently by Rodkey and Ball (20), confirming the value calculated earlier 
by Borsook (21). On the basis of this value, the oxidation-reduction po- 
tentials under standard conditions were calculated from the equilibrium 


Tauts III 
Standard Oxidation-Reduction Potentials at pH 7 and 30° 
System Standard potentials 
a-Ketoglutarate x NH, — 0. 100 


— DPN desamine DPNH —0.283 
Rodkey and Ball (20). 


data for the a-ketoglutarate X ammonia-glutamate, TPN-TPNH, and 
desamino DPN-desamino DPNH systems by the formula 

„ RT (H*) 

+ + oP N x 5558) * 55.56) 

in which Eo is the oxidation-reduction potential of a-ketoglutarate Xx NI. 
glutamate, E. is that of the coenzyme couplet, and A, is the equilibrium 
constant. Xi is corrected, as in the case of the standard free energy, for 
the water concentration. The potential values, calculated at 27° and 
pH 7 and corrected to 30°, are given in Table III. 

Reaction Velocity As Function of Substrate Concentration—The depend- 
ence of the initial reaction rate on the concentration of DPN, DPNH, 
TPN, desamino DPN, t-glutamate, a-ketoglutarate, and ammonia was 
investigated at 25°. 

The plot for DPN is presented in Fig. 5. At concentrations below 
4 xX 10-* u, the data fit the theoretical curve very well, but above this 
concentration the increase in initial velocity with increasing DPN con- 
centration was greater than that expected theoretically. Complete satura- 
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tion of the enzyme was not achieved at DPN concentrations as high as 
2.4 X 10m. The reported Michaelis constant, therefore, was based 
only on DPN concentrations below 4 Xx 10 M. 

No marked non-linearity was observed, however, in the Lineweaver- 
Burk (22, 23) plots for DPNH, TPN, and desamino DPN. The plot for 
L-glutamate, as well, was normal. On the other hand, a-ketoglutarate 
inhibited the reaction at concentrations above 6 X 10 xu, and a marked 
inhibition was observed at NH. CI concentrations above 0.5 u. Hence, 
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Fig. 5. (a) The initial velocity as a function of DPN concentration. Final con- 
centrations of reactants, 0.011 u glutamate; DPN, 6.5 X 10°* to 5.11 Xx 10° © 
0.2 u potassium phosphate, pH 7.6. Total enzyme added, 3 ½ total volume, 30 
co. temperature, 23-26°. The DPN employed was NA per cent pure. () The modi- 
fied Lineweaver-Burk transformation, in which Y = DPN/SE and X = DPN. 
K. = 10.1 X 10 moles per liter. 


only values below these concentrations were employed in the determina- 
tion of the Michaelis constants of these substrates. The average K, 
values for the coenzymes, L-glutamate, a-ketoglutarate, and total am- 
monia‘ are given in Table IV. In every case the value is based on two or 
more experiments, each of which consists of ten or more experimental 
points. 

Effect of Temperature on Reaction Nate The rate of glutamic acid oxida 


Strecker (personal communication) has pointed out that about 1.5 per cent d 
the total ammonia concentration would be in the un-ionized form at pH 7.6. F 
the un-ionized molecule is the enzymatically activatible form, the Michaelis coo 
stant for ammonia would be 8.7 Xx lO M. 


cs. 


EE 


Des 
R 
Am: 


T 
| 
| 

4 | 
| 
| 

. ooso + soo. 

(b) 2 

21 

[DPN] me 

0 

0 

Fr 

Fre 

respo 

energ 

calori 

Eff 

GAD 

Fig. 

stable 

for 12 

whens 


& & 


J. A. OLSON AND C. M. ANPINSEN 851 


tion was measured over the temperature range 9.8-42°. Owing to the 
requirement for accurate temperature control, however, a modification of 
the standard assay procedure was employed in which the reaction was 
stopped at specific intervals by the addition of silver nitrate. The loga- 
rithms of the initial rates were plotted against the inverse of the cor- 


IV 
Michaelis Constants of Reactants in GAD System at 26° 


10.1 lo 
DPNH 9.6 x 10% 
5.7 xX lo 
Desamino DPN 9.1 
Glutamate 11x lo” 
a-Ketoglutarate _. 0.7 xX 10% 
Ammonia 0.056 
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Fic. 6. The effect of temperature on the reaction rate. 
Fic. 7. The effect of temperature on enzyme inactivation. 


responding absolute temperatures, as shown in Fig. 6. The activation 
energy, evaluated by the integrated Arrhenius equation (24), was 14,000 
calories per mole. 

Effect of Temperature on Enzyme Inactivation—The effect of incubating 
GAD at different temperatures for varying periods of time is presented in 
Fig. 7. The enzyme was rapidly inactivated above 50°, but was quite 
stable at 41°. No reactivation of the enzyme occurred after storage at 0° 


’ for 12 hours following the initial inactivation. 


Reactant Kw 
* 
30 
PX. 
am- 
og 
ntal 
td 


852 L-GLUTAMIC DEHYDROGENASE 


Several different values have been reported for the pH optimum of liver 
glutamic dehydrogenase. Von Euler ef al. (18) found that the initial 
reaction rate of glutamate oxidation with DPN catalyzed by the beef liver 
enzyme increased with increasing alkalinity over the range pH 6.3 to 8.4. 
Dewan (25), in studies on the pig liver enzyme, reported that 7.3 was the 
optimal pH for glutamate oxidation. Recently Copenhaver, McShan, and 
Meyer (26) observed that rat liver homogenates fortified with DPN and 
cytochrome c oxidized glutamic acid maximally at pH 7.2. 

These values differ significantly from the pH optima of 8.0 to 8.1 in 
histidine buffer and 7.6 in phosphate buffer, which were determined in the 
present study. A possible explanation of these discrepancies can be de- 
rived from the fact that oxygen uptake was measured in the studies of 
Dewan and Copenhaver et al., whereas the rate of DPN reduction was 
determined in the present study. Thus, the pH optimum in the former 
cases may represent the most favorable pH for the over-all reaction be- 
tween glutamate and oxygen, whereas, in this investigation, the specifie 
optimum for the initial oxidation of glutamate was determined. 

Some question has existed concerning the coenzyme specificity of glu- 
tamic dehydrogenase; i. e., whether a single enzyme with broad specificity 
was present in liver, or whether two enzymes, one of which used DPN and 
the other TPN, coexisted in the tissue (18). The present study shows 
that a single enzyme is present rather than a group of enzymes and further 
supports the suggestion made by Copenhaver et al. (26) that the apparent 
inability of GAD to utilize TPN in several previous studies (25, 27) was 
due to the absence of some TPN H-cytochrome-linking factor rather than to 
narrow coenzyme specificity. The high reactivity of desamino DPN as 
coenzyme is in keeping with the observation made by Pullman, Colowick, 
and Kaplan (28) that a DPN-requiring enzyme which utilizes desamino 
DPN usually reacts with TPN as well. 

Additional evidence that GAD possesses sulfhydryl groups essential for 
its enzyme activity was given by the findings that p-chloromercuribenzoate 
inhibition was reversed by glutathione, in confirmation of similar ob- 
servations by Singer and Barron (29), and that very low concentrations of 
silver and mercury essentially inactivated the enzyme irreversibly. The 
free sulfhydryl groups may, indeed, be necessary for the formation of a 
DPN-enzyme complex, as Theorell and Bonnichsen (30) have suggested 
for the enzyme alcohol dehydrogenase, but no evidence has yet been found 
to support a similar reaction of DPN with GAD. 

The equilibrium constants determined in the present studies were based 
on numerous experiments over a pH range of 6.4 to 8.2 with different 
concentrations of glutamate, coenzymes, and ammonia. The fact thats 
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stable equilibrium state was reached was indicated by the observation that 
the calculated equilibrium constant was the same regardless of the direction 
from which the equilibrium was attained. It is interesting as well that a 
recalculation of the equilibrium constant for DPN from von Euler's data 
(18) in those experiments in which the ammonia concentration was fixed 
yielded an average RI value’ of 2.70 Xx 10% mole per liter, much the same 
as the value obtained in the present study. 

Although the equilibrium values calculated for a given coenzyme at 
different hydrogen ion concentrations were in fairly close agreement, a 
tendency for them to increase slightly with increasing alkalinity was noted 
in the cases of DPN and TPN. The trend was probably due to the in- 
creased rate of DPNH inactivation in slightly acid solution. Although 
the destruction of DPNH proceeds slowly under our experimental con- 
ditions, any variations would be greatly magnified, first, by the longer 
period necessary to reach equilibrium at higher hydrogen ion concentra- 
tions, and, second, by the fact that the reduced coenzyme concentration 
was cubed in the calculation of K, (see the equation in Table II). This 
factor was minimized by the addition of relatively high concentrations of 
enzyme (0.5 mg.) to the cuvettes. 

Recently Theorell and Bonnichsen (30) have given convincing evi- 
dence for the formation of a DPNH-liver alcohol dehydrogenase complex 
in the presence of high enzyme concentrations which has a standard oxi- 
dation-reduction potential of —0.208 volt at 20° and pH 7, 67 millivolts 
higher than that for free DPN-DPNH. In order that the use of the E, 
value for free DPN-DPNH in our calculations might be justified, it was 
necessary to determine whether or not a similar complex was formed 
under the conditions of our experiments. A spectral shift was not ob- 
served in the 340 ma maximum of DPNH in the presence of large amounts 
of enzyme, however, neither in experiments in which an ordinary Beckman 
spectrophotometer was employed nor in experiments, carried out in col- 
laboration with Dr. Britton Chance, with a more sensitive instrument. 
In addition, no change occurred in the equilibrium constant upon varying 
the coenzyme-enzyme ratio comparable to that observed by Theorell and 
Bonnichsen in the “sensitive range.’’ It seems reasonable, therefore, to 
employ the e value of free DPN-DPNH as the reference value in our 
calculations. 

The E value for the a-ketoglutarate & ammonia-glutamate system, 
0 10% volt, was considerably more negative than the value of —0.080 


* The assumption was made in recalculating these equilibrium constants that von 
Euler had emploved a molecular extinction coefficient of N l em“ per mole 
for DPN (34) rather than the value of 6.22 XK 10° em.“ per mole at present nc 
cepted (9). 
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volt calculated by Kalckar (31) on the basis of experiments by Cohen (32) 
on the glutamate-alanine transamination reaction and by Wurmser and 
Filitti-Wurmser (33) on the pyruvate X ammonia-alanine system. In 
view of the impurity of the p-amino acid oxidase system which was em- 
ployed in the latter investigation, the length of time that the experiment 
was allowed to run (41 hours), and the limited number of determinations 
which were made, the possibility of considerable error exists in the E. 
value of the pyruvate system. 

The Ee values for TPN-TPNH and desamino DPN-desamino DPNH 
are slightly more negative than that of the DPN-DPNH system. Schlenk, 
von Euler, and Gunther (12) found a similar relationship between desamino 
DPN and DPN in conjunction with the alcohol-aldehyde system. 

In the present study differences in the reactivity of various coenzymes 
were observed. Since the coenzyme concentrations which were employed 
were quite low (2 X 10~ M), the differences in reaction rates might have 
been due either to variations in the degree of enzyme saturation with 
coenzyme or to some rate factor involved in the reduction of the enzyme- 
coenzyme complexes. Since the Michaelis constants of all the coenzymes 
were about the same, the rate variations can be attributed to some kinetic 
factor other than enzyme saturation. 


SUMMARY 


1. The pH optima for glutamate oxidation by crystalline liver glutamic 
dehydrogenase were pH 8.0 to 8.1 for DPN and TPN and 8.1 to 8.5 for 
desamino DPN in histidine buffer at 25°. 

2. The relative rates of glutamate oxidation at the pH optimum for 
equimolar concentrations of DPN, desamino DPN, and TPN were 100, 
60, and 35 per cent respectively. 

3. Only I- glutamie acid, of a large number of closely related compounds, 
was oxidized by the enzyme, and only ammonia, of several substituted 
amines, was active in the reverse reaction. The enzyme was inhibited to 
some degree by p-glutamic acid, glutamine, aspartic acid, and hydroxyl- 
amine. 

4. The enzyme was inhibited by 107 u AgNOs, 10-* M HgAcz, and 
10 M p-chloromercuribenzoate, ZnSQ,, and FeCl. Cysteine or glute 
thione had little effect on the inhibition caused by silver or mercury, but 
freely reversed the inactivation brought about by the last three compounds. 

5. Equilibrium constants and standard free energy changes were cal- 
culated for the reaction, 


Glutamate + Co + H,O = a-ketoglutarate + NH,* + CoH + H* 
in which either DPN, TPN, or desamino DPN served as the coenzyme 
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(Co). Equilibrium experiments in which the ammonia concentration was 
varied within wide limits indicated that a-iminoglutarate is not stabilized 
in solution by an excess of ammonia, as previously proposed. 

6. The standard oxidation-reduction potentials of the a-ketoglutarate 
xX ammonia-glutamate, TPN-TPNH, and desamino DPN-DPNH oxida- 
tion-reduction systems were calculated at pH 7 and 30° in relation to that 
of the DPN-DPNH couplet. 

7. The Michaelis constants for DPN, DPNH, TPN, desamino DPN, 
L-glutamate, a-ketoglutarate, and total ammonia were determined. 

8. The effect of temperature on the rate of glutamate oxidation was 
measured and an activation energy of 14,000 calories was calculated. 

9. Glutamic dehydrogenase, in the absence of substrate, is rapidly in- 
activated at temperatures over 50°. 
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Bird and Hoevet (1) have described a procedure for measuring the vi- 
tamin B,:-binding capacity of protein mixtures derived from hog mucosa, 
based on the non-dialyzability of the protein-bound vitamin. They also 
observed that lysozyme would bind vitamin Bis as previously reported 
(3), but that it did not appear to retain the vitamin when dialyzed. How- 
ever, the diffusibility of lysozyme through cellophane membranes has been 
demonstrated (2, 6), and the possibility of a diffusible vitamin-lysozyme 
complex is not precluded. Ross (7) has observed the binding of vitamin 
Bi in normal and pathological (pernicious anemia) human sera and has 
studied the conditions for heat release of the bound vitamin. 

The question of the number of proteins which might contribute to the 
over-all binding capacity of various protein preparations (especially those 
containing a proportion of the intrinsic factor principle) is of some interest. 
Therefore, the following experiments involving the mobilization of pro- 
teins by electrical transport and a study of their relative abilities to bind 
vitamin Bi: were undertaken. 


EXPERIMENTAL 


In general, various protein preparations derived from minced hog duo- 
denal tissue, low in electrolyte, were subjected to isoelectric fractionation 
by means of electrical transport in an apparatus similar to that described 
by Spies et al. (8). The resolved protein components, which were dis- 
tributed according to their isoelectric points in the several cell units, were 
then examined for their ability to bind vitamin Bis by the procedure pro- 
posed by Bird and Hoevet. 

Fractional Electrical Transport 

The apparatus employed for these studies was composed of ten cylin- 
drical, Pyrex cells of 20 ml. capacity, with two glass connecting arms. 
The cells were interconnected by means of gum rubber tubing with screw 


clamps located at each glass-rubber joint. The cathode was chambered 
in Cell 1 and the anode in Cell 10. The entire glass train was supported 
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in a rectangular, metal-lined, water-cooling unit. Direct current up to 
7000 volts was supplied by vacuum tube full wave rectification of trans- 
formed alternating current. 

For the experiments described, each glass cell (except Cell 6) was filled 
with distilled water and rubber-stoppered. The sample to be fractionated 
(usually 18 to 40 mg. of material) was introduced into Cell 6 and the cell 
stoppered. The screw clamp at each side arm adjoining Cell 6 was gently 
released and a potential of 7000 volts applied. The proteins were allowed 
to distribute until a steady pH gradient had been achieved. At termina- 
tion, the current was shut off and the cells isolated by tightening the screw 
clamps at the side arms. The contents of each cell were carefully removed 
to Pyrex test-tubes and the pH of the cell contents observed on the Leeds 
and Northrup model 7663-Al pH meter equipped with a glass electrode. 
The various fractions were adjusted to neutrality and to constant volume 
with distilled water. The stoppered tubes were stored at 2° until em- 


ployed for the vitamin B,:-binding experiments. 
Vitamin B,:-Binding Experiments 

The vitamin-binding procedure has been described by Bird and Hoevet 
(1). All experiments were controlled for non-specific growth effects by 
determinations on the untreated test materials. Conditions for the dis- 
tilled water dialysis of unbound vitamin Biz were usually 2:1 water ratios 
and involved several changes during a 24 hour interval. All experiments 
were carried out at 2° in the dark. After dialysis both the diffusible vi- 
tamin and the non-diffusible vitamin-protein complex were assayed for 
vitamin Bi: by the U. S. P. microbiological assay procedure (5). All assay 
tubes were autoclaved for 5 minutes at 121° and at 15 pounds pressure. 
These conditions permitted release of most of the vitamin Bis from its 


protein-bound complex. 
Protein Estimations 
The amount of protein contained in the various cells was analyzed, 
either by the ninhydrin method of Moore and Stein (4), with alanine as a 
reference standard, or by estimation of the ultraviolet absorption of the 
cell contents at 275 mu on the Beckman spectrophotometer. 


Results 
Distribution of Protein Species and Vitamin B,, Binding after Fractional 
Electrical Transport 
The data illustrated in Figs. 1, 2, and 3 are not represented as con- 


centration curves of continuous function, but are expressed in terms of 
recovery at the plotted pH or cell number. In Fig. 1 may be seen the 
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result of the isoelectric fractionation of hog duodenal Preparation 318-50. 
Data derived from the curve indicate that approximately 27.4 per cent of 
this material was isoelectric in the range pH 9.4 to 7.9, and about 63.8 per 
cent was isoelectric in the range pH 6.4 to 4.6. 

The unresolved fraction of Preparation 318-50 was previously found to 
have a vitamin Biz binding equivalence of 90 y per gm. when tested by the 
binding procedure. In Fig. 2 may be seen the result of the addition of 
360 magm. to each of the various cell contents (it was assumed that this 
amount of the vitamin would cause oversaturation binding in some cells 


pH 
Fic. 1. Distribution of hog duodenal Preparation 318-50 by fractional electrical 
transport. Protein content of fractions estimated by ultraviolet absorption at 


275 mp. Experimental conditions, 18 mg. of solids; 7000 volts applied for 17 hours 
at 2°. 


and total binding in others) and then of the subjection of the fractions to 
dialysis as previously described. The distribution of protein, Curve A, 
is now plotted in terms of approximate amino nitrogen (ninhydrin color) 
present in the unit cells, rather than in terms of pH distribution as pre- 
viously shown in Fig. 1. In Fig. 2, Curve B, is presented the plot in per 
cent of vitamin Bis, which was diffusible after the addition of 360 mygm. 
to each cell fraction. A small amount of binding activity may be ob- 
served in Cells 5, 6, and 7 (isoelectric range pH 5.6 to 5.1, maximum at pH 
5.4), but maximal binding occurred in Cells 8, 9, and 10 (isoelectric range 
pH 5.1 to 3.7, maximum at pH 4.6). Recovery values of the total bound 


A fraction prepared by ethanol-water precipitation under controlled conditions 
of ionic strength, temperature, etc. Details to be published elsewhere. 
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Fig. 2. Separation of vitamin B,;-binding activity by fractional electrical trans- 
port. Curve A, distribution of protein materials estimated by ultraviolet absorp- 
tion at 275 ma; Curve B, distribution of vitamin B,,.-binding activity based 
on microbiological assay of the non-dialyzable vitamin present in the individual 


cells. 
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Fia. 3. Distribution of 40 mg. of purified hog duodenal Preparation 318-50 80h. 
Curve A, protein distribution as measured by ultraviolet absorption at 275 ma; 
Curve B, distribution of vitamin B,:-binding activity based on microbiological assay 


of the non-dialyzable vitamin present in the individual cells. 
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and dialyzed vitamin B.: were on the order of 80 per cent, with losses due 
to handling and probably incomplete liberation of the bound vitamin. 
Distribution of Bound Vitamin B and Vitamin Hi binding Activity 
Fig. 3 illustrates the pH distribution of hog duodenal Preparation 318- 
50A50B after isoelectric fructionation.? Curve A represents the protein 
concentrations, as measured by ultraviolet absorption and plotted against 
pH. It may be seen that this material was distributed into several pro- 


7 

1 

0 


$33 
Vitamin Bie (hem) 


Fig. 4. Vitamin Bis-binding studies of hog plasma and crude hog stomach powder. 
@, hog plasma-binding curve (40 mg. per tube); O, crude hog stomach powder-bind- 
ing curve (40 mg. per tube). Experimental details described by Bird and Hoevet 
(1). 


— 


tein species. However, the ability to bind vitamin Bi was primarily 
concentrated in Cell 7 (pH 4.5), with some lesser activity present in Cell 
8 (pH 4.2). In a corollary experiment, in which 8000 mygm. of vitamin 
Biz were added to the same fraction (40 mg.) prior to fractional electrical 
transport, and then the material distributed as previously described, the 
curves obtained were qualitatively the same as those given in Fig. 3. 


Vitamin Biz Binding by Hog Plasma and Hog Stomach Powder 


ny; As Ross (7) has presented evidence for the binding of vitamin Bis in 
say human sera in vivo, our attention was directed toward other plasma prep- 


A fraction derived from Preparation 318-50. It was prepared under similar con- 
ditions. Details to be published elsewhere. 
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arations. In Fig. 4 are contrasted the vitamin Bi:-binding curves of 
hog plasma“ and commercial hog stomach powder.‘ It is interesting 
to note the dissimilarities in binding ability of the two preparations. Hog 
plasma was found to exhibit poorer binding, even at very low vitamin- 
protein ratios, than the hog stomach powder preparation. 

The slight dips noted in the hog plasma curve at the 600 and 2400 mygm. 
levels were probably due to assay variations and were not considered 


significant. 


DISCUSSION 


It is evident from Fig. 2 that the component present in hog duodenal 
preparations which is responsible for the major vitamin Bu- binding ac- 
tivity of these preparations is an acidic moiety, isoelectric at pH 4.6. 
Likewise, distribution of the proteins present in the mixture by fractional 
electrical transport results in the separation of the vitamin-binding com- 
ponent from the bulk of the proteins in the system. Further, some in- 
sight into the manner by which vitamin Bis is bound may be gained by 
the fact that the isoelectric point of the binding moiety is not altered by 
combination with the vitamin. Purification of the material isoelectric 
at pH 4.6 by further reruns under similar conditions and other types of 
fractionation may readily lead to the isolation of the component respon- 
sible for vitamin Bi: binding. 

Data have been presented indicating the relatively low ability of hog 
plasma to bind vitamin Biz under conditions similar to those employed 
for binding studies with materials derived from hog stomach tissues. 


SUMMARY 
The component responsible for the major vitamin B,2-binding ability 
of hog duodenal preparations has been separated by isoelectric distribution 
from most of the other protein components present in these materials. 
The component is acidic and appears to be isoelectric at pH 4.6. 
Data on the vitamin Bis binding by hog plasma proteins are presented. 


We wish to express our thanks to Dr. K. C. Robbins of the Armour 
Laboratories for preparations of hog duodenal materials. 
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THE CONVERSION OF C.]. LABELED GLUCOSE TO GLUCURONIC 
ACID IN THE GUINEA PIG* 


Br J. F. DOUGLAS anv C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, September 24, 1952) 


In radioactive tracer studies of glucuronide precursors, five labeled com- 
pounds have been used: lactic acid (1, 2), glycerol (3), glucuronic acid (4, 
5), glucose (2, 6, 7), and bicarbonate (5, 6). 

In the present investigation, degradation of endogenous glucuronic acid 
was undertaken as a means of indicating the identity of possible precursors 
and intermediates. Both glucose-1-C" and glucose-6-C" were adminis- 
tered intraperitoneally to borneol-fed guinea pigs, followed by isolation of 
excreted bornyl glucuronide and degradation. The data indicate that the 
intact carbon chain of glucose served as a precursor of urinary glucuronides. 


EXPERIMENTAL 


Experimental Animals—Male guinea pigs purchased from Carworth 
Farms, 2 to 3 months old and weighing 220 to 290 gm., were used. The 
animals were furnished Rockland Farms guinea pig diet and water, ad 
libitum, prior to and during the experiments. 

The C-labeled compounds were dissolved in distilled water and injected 
intraperitoneally after 200 mg. of pt-borneol had been administered orally 
as a homogenate in 2.0 ml. of evaporated milk. The animals were placed 
in metabolism cages immediately for collection of 24 hour urine samples. 

Measurement of Radioactivity—All samples were converted to BaCO; by 
the method of Lindenbaum et al. (8) with the reagents of Van Slyke and 
coworkers (9). After preparation, as described by Henriques et al. (10), 
the BaCO, disks were assayed for radioactivity in a gas” counter. All 
samples were analyzed in duplicate and, whenever possible, were counted 
to at least 2500 counts, representing a standard counting error of +2.0 per 
cent (11). After correction for self-absorption and background, the pre- 
cision of the Ci measurements was within 45.2 per cent. 

Isolation and Decarboxylation of Zinc Bornyl Glucuronidale (ZBG)—The 
procedures followed have been described in an earlier paper (6). 

Preparation of Labeled Compounds—The preparation of glucose-1-C" 
(m. p. 147-148°, uncorrected) has been described previously (12). Its spe- 

* This investigation was supported by grants from the Nutrition Foundation, 


Inc., and the Division of Research Grants and Fellowships, National Institutes of 
Health, United States Public Health Service. 
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cific activity as BaCO; was 2.94 X 10° c.p.m. per mg. Glucose-6-C%, 
specific activity as Ba CO, 2.55 X 105 c. p. m. per mg., was supplied through 
the courtesy of Dr. John Sowden of Washington University. 

Degradation Procedure—The degradation of ZBG (Fig. 1) was approxi- 
mately as described by Eisenberg and Gurin (13). For the preparation of 
potassium acid saccharate, nitric acid oxidation was used as described pre- 
viously (4). Another modification was the direct conversion of methyl 
bornyl-p-glucuronidate to glyoxal disemicarbazone and methylcarboxygly- 
oxal disemicarbazone. 


KMnQ, 


FRACTION | €4,C-6) CO, 
FRACTION 3 C2. C5) CQ, 
(FRACTION 2 DISCARDED) 

Fic. 1. Degradation procedure 


ZBG and potassium acid saccharate were identified as described in an 
earlier paper (4). Glyoxal disemicarbazone was identified by its melting 
point (270-272°) and a mixed melting point (272-273°) with an authentic 
sample of glyoxal disemicarbazone (m. p. 272.5-273°). (Methylcarboxy- 
glyoxal disemicarbazone melted at 212.5-214°.) 


CoHwO Ne. Calculated, C 31.3, H 4.35; found, C 31.06, H 4.73. 


The melting point of the isolated glyoxalic acid semicarbazone was 203- 
204°, and a mixed melting point of 206-207° was obtained with a sample of 
known glyoxalic acid semicarbazone (m. p. 206-207°). The neutralization 
equivalent of the degradation product was found to be 132 (theoretical, 
131). 

Radioactive Purity of Compounds Isolated—The radioactive purity of 
potassium acid saccharate and ZBG, isolated from the urine of guinea pigs 
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given labeled glucurone, has been described (4). The radioactive purity of 
ZBG obtained from animals given glucose-C“ was shown by preparing a 
derivative, potassium acid saccharate, without alteration in specific ac- 
tivity. 

The radioactive purity of the following compounds was demonstrated by 
recrystallization without change in specific activity: glyoxalic acid semi- 
carbazone, glyoxal disemicarbazone, and methylcarboxyglyoxal disemicar- 
bazone. 

Oxidation of Glyoralic Acid Semicarbazone—Buchanan and coworkers 
state that there may be considerable mixture of one fraction with another 
among the oxidation products (15). To investigate the oxidation on a 
quantitative basis, glyoxalic acid semicarbazone-1-C" was prepared from 
glucose-1-C™ through saccharic acid. It was found that Fraction 1 (car- 
boxyl and semicarbazide carbons) was contaminated by approximately 10 
per cent of Fraction 3 (aldehyde carbon) and vice versa. 

The results were corrected for this admixture by means of the formulas 

— Wir. WIT. — W. T. 
where Si = the specific activity of Fraction 1, S; = the specific activity of 
Fraction 3, Wi = the total weight of Fraction 1, W; = the total weight of 
Fraction 3, 71 = the total counts in Fraction 1, 7; = the total counts in 
Fraction 3, which were derived from the simultaneous equations 


71 = 0.9 + 0.1W,S; and T: = 0.9W;S; + 0.1W;S, 


Permanganate oxidation, based upon a modification of the procedure 
used by Buchanan et al. (15), was carried out by adding 4 ml. of 1 N H.SO, 
and 1.5 ml. of 1.5 N KMnQ, to a solution of approximately 20 mg. of 
glyoxalic acid semicarbazone in 10 ml. of water at 38°. Nitrogen was 
bubbled vigorously through the reaction mixture. The CO, (collected in 
saturated Ba(OH),) liberated during the first 7 minutes (Fraction 1) con- 
tained the carboxyl and semicarbazone carbons. The gas trapped after 14 
minutes of reaction was derived chiefly from the aldehyde carbon as Frac- 
tion 3. 


RESULTS AND DISCUSSION 


To study the precursor relationship of glucose to glucuronic acid in the 
guinea pig, bornyl glucuronide was isolated and degraded after the admin- 
istration of glucose-1-C". The results given in Tables I to III and sum- 
marized in Table IV show that carbon 1 of the glucuronide contained 61 
per cent of the molecule’s activity, indicating that the Ist carbon of glucose 
goes directly to carbon 1 of glucuronic acid. The precursor relationship of 
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glucose to glucuronides in the guinea pig appears to be the same as that 
found by Eisenberg and Gurin (7) for the rabbit. Bidder (2) observed a 
similar relationship when liver slices were used. 


TAnLE I 
Distribution of C in Carbon 6 (Carboryl Group) of ZBG Isolated from Urine of 
Borneol-Fed Guinea Pigs Given Glucose-1-C'* and Glucose-6-C"* 


Source of glucuronic acid 


Guinea pig No. given | in comple ven | total in Cs 
F-12 Glucose-1-C"* | 3910 544 13.9 
F-12 a 3740 547 14.6 
F-13 | 3980 514 12.9 
F-13 7 4110 506 12.3 
F-14 Glucose-6-C" 1785 1205 67.5 
F-14 10 1780 1191 66.9 
F-17 | as 2370 1580 66.6 
F-17 10 2160 1415 65.5 

* 
Taste II 


Distribution of C™ in Fractions of Glucuronic Acid, Isolated As ZBG after 
Administration of Glucose-1-C'', by Degradation of Methyl 


Bornyl Glucuronidate 
Gui vig | Carbone contained | Theoretical Specie ativiy, 
F-12 1,2 76. 50.6 68.8 
1,2 as | 52.3 70.7 
4, 5, 6 66.4 15.3 27.6 
4, 5, — 55.4 | 14.1 25.5 
F-13 1,2 124 82.5 66.6 
1,2 (124 82.7 66.7 
4, 5, 6 | 92.7 24.4 26.3 
4, 5, 6 92.7 22.0 23.7 


| 
* Specific activity of the isolated compound if all the C™ in the glucuronic acid 
molecule was in this fraction. 


The labeling found in carbons 3 and 4 and 2 and 5 supports the theory 
of direct conversion of the carbon chain and hence is in agreement with 
the evidence presented by Mosbach and King (6). The results may not 


rule out, but they do not support Bidder’s recent postulate (2), that the 
first 3 carbons of glucose form the first 3 carbons of glucuronic acid, while 
carbons 4, 5, and 6 of the glucuronide are derived from an independent 
3-carbon fragment such as lactate. 

The activities of carbons 6, 5, and 4 (ratio 13:8:5) can be accounted for 
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readily by partial cleavage of the glucose chain to a 3-labeled triose which, 
after passing through the Krebs cycle, would result in the formation of a 


Tasie III 


Distribution of C in Fractions of Glucuronic Acid, Isolated As ZG after 
Administration of Glucose-1 6, by Degradation of Saccharate 


— ꝓ—W 


F-12 1, 6 26.2 19.5 74.5 
1, 6 26.2 20.0 76.2 
2, 5 52.4 8.88 16.9 
2, 5 52.4 9.43 18.0 
3, 4 51.5 5.31 10.3 
3, 4 51.5 5.40 10.5 
F-13 1,6 32.3 23.6 73.2 
1, 6 32.3 23.8 73.8 
2,5 64.6 11.2 17.3 
2,5 64.6 10.6 16.4 
3,4 63.3 6.55 10.3 
3,4 63.3 6.63 10.5 


0 Specific activity of Bac., il if all the cu present in the — acid were in 
this fraction. 


t Fractions containing carbons 1 and 6 and carbons 2 and 5 were corrected as 
given above. 


— 


TABLE IV 
Distribution of C in Glucuronic Acid Isolated from 24 Hour Samples of Urine from 
Borneol-Fed Guinea Pigs after Intraperitoneal Administration of 
Olueose- 1-C¥ and Glucose-6-C™ 


— — 


Per cent of total Cie in fraction obtained * 
of glucuronic acid * 


— — - — — — — 


— — — —— — — 


Compound administered Guinea pig No. 
| Co Cus | | | 


— — — — 


Glucose- Ci. F-12* 14.2 75.3 17.5 10.4 60.4 | 26.6 | 61.1 


| F-13* 12.6 73.5 16.9 10.4 66.7 | 25.0 60.9 
Glucose-6-C™ F-14t 67.2 | 
66.1 | | 


— — 


Guinea Pigs F-12 end F- 13 were given 12 mg. of — 3. 52 X 10e. p. m. 
t Guinea Pig F-14 was given 11.5 mg. of glucose, 2.82 X 10% e. p. m. 
t Guinea Pig F-17 was given 15.4 mg. of glucose, 3.92 X 10° c.p.m. 


small amount of glucose (or triose) having an activity ratio of 2:2:1 in 
carbons 6, 5, and 4. The observed activity in the 4th carbon is accounted 
for by carbon dioxide fixation, while a portion of the C in carbon 6 arises 
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from the Ist carbon of the glucose. This distribution in carbon atoms 4, 
5, and 6 of the glucuronide can best be explained on a direct conversion 
basis. Doerschuk (3) found glycerol to be converted to glucuronic acid in 
greater degree than was observed for glucose and concluded that trioses 
were the precursors of urinary glucuronides. However, his finding could 
also result from formation of a common 6-carbon intermediate such as a 
phosphate. 

To provide an additional critical test of the direct conversion of the 
glucose 6-carbon chain to glucuronic acid, glucose-6-C™ was employed as a 
precursor of the uronide. If the glucose molecule goes directly, one would 
expect approximately the same radioactive conversion yield for the three 
labeled forms of glucose and a consistent retention of activity in each car- 
bon position. If the conjugating compound were derived via the 3-carbon 
route, one would expect markedly different conversion yields and less reten- 
tion of specific space positions from glucose-1-C" and glucose-6-C™. De- 
carboxylation of the glucuronic acid derived from the urine of two borneol- 
stimulated guinea pigs given glucose-6-C™ showed that 66.1 and 67.2 per 
cent, respectively, of the activity was in carbon 6 (Table I). The per cent 
of Cu transferred from the injected precursor into the urinary glucuronide 
was 2.9 for glucose-6-C", 4.9 for glucose-1-C", and 2.9 for uniformly labeled 
glucose (6). 

Thus the 1-, 6-, and uniformly (16 per cent in carbon 6 of the uronide 
(6)) labeled glucose showed consistent space retention and a relatively 
uniform conversion yield, results that could scarcely be explained on a 
3-carbon fragment basis, but which are in agreement with a direct pre- 
cursor hypothesis. 

SUMMARY 


The conversion of glucose to glucuronic acid in the borneol-fed guinea 
pig was demonstrated by isolating the endogenous glucuronide which con- 
tained 61 per cent of its total C in position I after the administration of 
glucose-1-C™ and 67 per cent of the molecule’s activity in carbon 6 after 
administration of glucose-6-C™. These results, supplementing earlier data 
for uniformly labeled glucose, furnished strong evidence that the glucose 
molecule can be converted directly to glucuronide, without requiring 
separate 3-carbon compound as an intermediate. 
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THE OXIDATION OF ACETALDEHYDE TO ACETYL 
COENZYME A* 


Br ROBERT MAIN BURTON? anv E. R. STADTMAN 


(From the Section on Cellular Physiology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 8, 1952) 


Cell-free extracts of Clostridium kluyveri catalyze the 
dependent oxidation of acetaldehyde to acetyl P (2).' 1-Phosphoacet- 
aldehyde was suggested as a possible intermediate in this oxidation (Re- 
action 1). 
OPO," 


This explanation became unlikely as a result of the failure to obtain evi- 
dence for the corresponding hemiacetal derivatives in the analogous oxi- 
dations of triosephosphate (3) and pyruvate (4), and since more recently 
it has been shown (5, 6) that coenzyme A, not orthophosphate, is the pri- 
mary acetyl acceptor in the oxidation of pyruvate to acetyl P. 

Preliminary experiments in Ochoa’s laboratory? showed that, in the 
presence of CoA, oxalacetate, and dialyzed (“‘phosphate-free”) extracts of 
C. kluyveri, acetaldehyde serves as an acetyl donor for the synthesis of 
citrate by the condensing enzyme of Stern and Ochoa (7). This indicated 
that the bacterial extracts were able to catalyze the oxidation of acetalde- 
hyde to acetyl SCoA. 


* A preliminary report of this work was presented before the Federation of Ameri- 
ean Societies for Experimental Biology in New York, April, 1952 (1). 

Part of the experimental data in this paper is taken from a thesis submitted by 
R. M. Burton to the Chemistry Department of the Graduate School of Georgetown 
University in partial fulfilment of the requirements for the degree of Master of 
Science, December, 1951. 

Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore 18, Maryland. 

The abbreviations used in this paper are as follows: acetyl phosphate, acetyl P; 
coenzyme A, CoA; reduced coenzyme A, CoASH; acetyl coenzyme A, acetyl SCoA or 
CH,COSCoA; acyl coenzyme A, RCOSCoA; diphosphopyridine nucleotide, DPN 
(oxidized) and DPNH (reduced); triphosphopyridine nucleotide, TPN; phospho- 
transacet ylase, transacetylase or PTA; glutathione, GSH; p-aminobenzoic acid, 
PABA; tris(hydroxymethyl)aminomethane hydrochloride, Tris-HCl. 

Stadt man, E. R., Stern, J. R., and Ochoa, S., unpublished results. 
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Evidence presented in this paper shows that these extracts contain an 
aldehyde dehydrogenase which, in the presence of DPN, catalyzes the 
CoA-dependent oxidation of acetaldehyde to acetyl SCoA. Acetyl P, 
which is the usual end-product of this oxidation in these bacterial extracts 
(2), is formed by a secondary reaction catalyzed by phosphotransacetylase 
(8). 

The aldehyde dehydrogenase has been extensively purified and the 
properties of the enzyme are reported. 

EXPERIMENTAL 

Studies with Dried Cell Suspensions—Early in this investigation it was 
noted that fresh suspensions of dried cells of C. kluyveri invariably catalyze 
the rapid oxidation of acetaldehyde, but that cell suspensions prepared 
from some lots of dried cells lose their ability to oxidize acetaldehyde if 
allowed to stand for short periods of time at 25-37°. As shown in Table I, 
Experiment 1, the aldehyde oxidase activity of these aged suspensions can 
be reStored by the addition of CoA, GSH, and DPN. Similar additions 
to unaged cell suspensions are without a significant effect. The data from 
Experiment 2 in Table I show that the complete reactivation of the aged 
suspensions requires the addition of all three cofactors simultaneously, 
In this experiment DPN and TPN could both serve as the electron carrier. 
In other experiments it was found that TPN is often less effective than 
DPN; moreover, the purified aldehyde dehydrogenase is completely DP. 
specific. The réle of TPN in the crude enzyme preparations will be dis- 
cussed later. 

In the above aerobic experiments, acetaldehyde oxidation was deter- 
mined indirectly by measuring the oxygen consumption manometrically. 
Under anaerobic conditions the crude enzyme preparations catalyze a dis- 
mutation of acetaldehyde (Reaction 5) to acetyl P and ethanol (2). This 
reaction is easily followed by measuring acetyl P formation. The results 
of Experiment 3, Table I, show that CoA, DPN, and GSH are also required 
for the dismutation of acetaldehyde by aged cell suspensions. The latter 
results exclude the possibility that the need for any one of the three coen- 
zymes is restricted to activation of the terminal oxidase system rather 
than the substrate oxidation. Therefore, as a matter of convenience, the 
dismutation system was used in all subsequent experiments. 

Purification of Aldehyde Dehydrogenase—The mechanism of the dismuta- 
tion reaction was clarified by separation of the various enzymes involved. 
From crude cell-free extracts, a protein fraction precipitating between 
0 and 35 per cent saturation with ammonium sulfate (pH 7.0, 2°) is ob 
tained which contains most of the aldehyde dehydrogenase activity. As 
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shown in Table II this fraction by itself is unable to catalyze the conversion 
of acetaldehyde to acetyl P; however, acetyl P formation does occur when 
the ammonium sulfate fraction is supplemented by additions of the two 


Taste 1 
Oxidation of Acetaldehyde by Aged Cell Suspensions of C. kluyveri 


Cofactor® additions 
Unaged cells Aged cells 
microsioms microaioms microatom: 
None 31.9 5.4 2.7 0 
CoA, DPN, GSH... 32.3 31.3 44.7 23.6 
„5 53.5 12.8 
“ DPN 12.5 12.8 
“ GSH 18.7 2.3 
27.7 8.2 
33.9 


Experiment 1—Each Warburg vessel contained potassium phosphate (pH! 8.12), 
M acetaldehyde, 100 um; and coenzymes as indicated. Aliquots (0.8 ml.) of the 
cell suspension (Lot 1-N, 60 mg. of dried cells per ml.) which had been preincubated 
at 37° for 0 and 30 minutes, as indicated, were tipped into the substrate after 10 
minutes equilibration at 26°. The total volume was 2.0 ml. Oxygen uptake data 
are corrected for endogenous oxidation. 

Experiment 2 The conditions are the same as those described for Experiment 1, 
except that Lot 1-E dried cells were used (75 mg. per ml.) after aging for 50 minutes 
(37°). 

Experiment 3—The dismutation was carried out in a mixture of potassium phos- 
phate (pH 8.12), 200 um; acetaldehyde, 100 zu; and coenzymes as indicated. 0.2 
ml. aliquots of a cell suspension (Lot 1 E, 60 mg. per ml.) aged for 30 minutes (37°) 
were added to each test tube as the enzyme source. The total volume was 1.0 ml.; 
incubation time, 30 minutes (30°). The acetyl P formation was corrected for endo- 
genous formation. 

* Cofactor concentrations were DPN , 0.02 u TPN, 0.02 um; CoA, 20 units; (811. 
Dau in a 2.0 ml. volume except as noted. Experiment 3 contained the coenzymes 
ina 1.0 ml. volume with DPN and TPN concentrations increased to 0.5 um. 


purified enzymes, transacetylase and alcohol dehydrogenase, together with 
the cofactors CoA, GSH, and DPN. In the absence of any one of these 
cofactors or enzymes there is no appreciable acetyl P formation. Cysteine, 
1,3-dimercaptopropanol, thioglycolate, and hydrogen sulfide can replace 
GSH (9). As previously reported (7, 8), the sulfhydryl compound is prob- 
ably required for the conversion of CoA to CoASH. 

In view of the results presented in Table II. the dismutation of acetal- 
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dehyde was formulated as follows: 
CH,CHO + CoASH + DPN* — — 2 
CH,COSCoA + DPNH + H* 
transacetylase 
CH,COSCoA + HPO, * CH,COOPO,;- + CoASH (3) 
dehydrogenase 
CH,CHO + DPNH + Ht C.H,OH + DPN* 4) 
Sum, 2CH,CHO + HPO; = CH,COOPO,- + C,H,OH (5) 
II 
Components of Acetaldehyde Dismutation System 
Reactant omitted Acety! P formed 
— 
Transacetylase..... 0.2 
Alcohol dehydrogenaes 0.2 
0.1 
0.1 
0.1 


The reaction mixture consisted of acetaldehyde, 100 zu; potassium phosphate 
(pH 8.12), 100 um; Tris-HCl buffer (pH 8.16), 200 u; GSH (pH 8), 5 wm; CoA, 5 units; 
DPN, 0.1 zu; transacetylase, 9.5 units; yeast alcohol dehydrogenase, 260 units; 
acetaldehyde dehydrogenase (25 units per mg.), I unit; water to a total volume of 
1.0 ml. Various omissions were made as noted and the mixtures were incubated for 
30 minutes (30°) and analyzed for acetyl P. All values were corrected for a blank 
value obtained by omitting acetaldehyde. 

According to this formulation the primary reaction is the oxidation of 
acetaldehyde by DPN in the presence of CoASH to form acetyl SCoA 
and reduced DPN (Reaction 2). Since CoASH and DPN are present in 
only catalytic amounts, the oxidation of acetaldehyde proceeds to a very 
limited extent unless these coenzymes are regenerated by coupling Reae- 
tion 2 with other systems, as with transacetylase for CoASH regeneration, 
and alcohol dehydrogenase for DPN regeneration (Reactions 3 and 4). 
The net result of these coupled reactions is a dismutation of acetaldehyde 
to acetyl P and ethanol (Reaction 5). 

Proof that the above series of reactions represents the correct formula- 
tion of aldehyde dismutation was obtained from experiments described 
below. The aldehyde dehydrogenase used in these studies was a more 
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highly purified preparation obtained by further fractionation of the am- 
monium sulfate precipitate according to the procedures outlined in the 
section on methods. 

Spectrophotometric Experiments—Since Reaction 2 involves the reduction 
of DPN or the oxidation of DPNH, it can be studied spectrophotometri- 
cally by measuring the changes in optical density at 340 ma. Proof for 
the sequence and reversibility of Reactions 2 and 3 is presented in Fig. 1. 
Incubation of the purified aldehyde dehydrogenase with CoASH, DPN, 


1 Pp 

— 
y 

% — 

TIME 18 MINUTES 


Fra. 1. The reversible coupling of aldehyde dehydrogenase with transacetylase. 
Aldehyde dehydrogenase (14 units per mg.), 3 units, was incubated with acetalde- 
hyde, 3 Mu; CoA (140 units per mg. 200 units; DPN, 0.2 uw; GSH, 5 u, and Tris- 
HC! buffer, 200 ut, in a final volume of 3.0 ml. (pl 7.80). The formation of reduced 
DPN was followed at 340 my and was used as an index of the extent of acetaldehyde 
oxidation. Potassium phosphate (pH 8.0), 1 wt; transacetylase (PTA), 10 units; 
and acetyl P, 10 au, were added as indicated. Acetaldehyde was omitted in the ref- 
erence cuvette. 


and acetaldehyde results in the reduction of DPN as expected from Re- 
action 2. After the reaction has equilibrated, the addition of orthophos- 
phate at Arrow I on the curve is without effect; however, the subsequent 
addition of transacetylase at Arrow II causes a further reduction of DPN 
due to a shift in the equilibrium as a result of coupling Reaction 2 with 
Reaction 3. After a new equilibrium for the coupled Reaction 6 is es- 
tablished, the addition of a large amount of acetyl P at Arrow III results 
in the almost complete reoxidation of the DPNH owing to a reversal of Re- 
actions 2 and 3, i. Reaction 6. 


CH,CHO + DPN* + HPOS CH,COOPO. + + Tt (6) 


T§—.ſf 
2) 
(3) 
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A more direct demonstration of the effects of various reactants on Reac- 
tion 2 is illustrated in Fig. 2. In these experiments, aldehyde dehydro- 
genase was incubated with acetaldehyde, CoASH, and DPN. In Ex- 
periment A it will be noted that, when equilibrium was established, the 
additions of more DPN and then of CoASH caused successive shifts in the 
equilibrium positions favoring the oxidation of acetaldehyde (i. e., the re- 
duction of DPN). In Experiment B, shifts in the equilibrium positions 


TIME MINUTES 

Fia. 2. The reversible oxidations of acetaldehyde to acetyl SCoA. In Experi- 
ment A, the reaction mixture contained aldehyde dehydrogenase (200 units per ng 
9 units; acetaldehyde, 0.39 yw; CoASH, 0.093 yu; DPN, 0.17 zu; and imidazole-HCi 
buffer (pH 8.0), 100 um. The final volume was 3.0 ml. and the pH! was 7.93. Further 
additions of DPN, 0.17 zu, and of CoASH, 0.93 yu, were made as indicated on the 
curves. Acetaldehyde was omitted in the reference vessel. In Experiment B, the 
initial reaction mixture contained aldehyde dehydrogenase (260 units per mg.), 18 
units; acetaldehyde, 50 uu; CoASH, 0.18 gw; DPN, 0.17 u: and imidazole-HC! buffer 
(pH 8.0), 100 u. The final volume was 3.0 ml. and the pH was 7.8. Subsequent 
additions of acetyl SCoA, 0.14 zu; DPNH, 0.05 u; hydrogen ions (to pH 7.3, by 
the addition of imidazole-I1Cl buffer (pH 6.8)), 100 aw; and finally acetaldehyde, 3.7 
uM, were made as indicated on the curves. The reference cuvette was treated sim- 
ilarly except that enzyme was omitted. 


in the opposite direction were noted by the addition of the products of 
Reaction 2, i.e. acetyl SCoA, DPNH, and hydrogen ions, respectively. 
Finally, in Experiment B, the addition of more acetaldehyde caused 3 
significant shift in the equilibrium to the right. 

Further characterization of acetyl SCoA as the end-product of acetal- 
dehyde oxidation was achieved by showing that, in the presence of the 
purified aldehyde dehydrogenase and CoASH, acetaldehyde can serve as 
an acetyl donor for the acetylation of PABA in the presence of pigeon 
liver enzyme (10, 11) and for the synthesis of citrate in the presence of 
oxalacetate and the highly purified condensing enzyme (7). 


Stoichiometry—The spectrophotometric experiments provide indirect evi- 
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dence for Reactions 2 and 6. Further evidence for these reactions was 
obtained through an analysis of the reaction products. 

Experiment with C“-Labeled Acetyl P—Evidence for the reverse of Re- 
action 6 was obtained by showing the conversion of C-labeled acetyl P 
to acetaldehyde. Experimental details and the results are given in Table 
III. The data show that, in the presence of CoASH and the two enzymes 
aldehyde dehydrogenase and transacetylase, DPNH is oxidized and there 
is a stoichiometric formation of C-labeled acetaldehyde from labeled 
acetyl P. In the absence of the aldehyde dehydrogenase these changes did 


not occur. 


Taste III 
Conversion of I- Cie. Acetyl Phosphate to Acetaldehyde 
DPNH osidized Acetakdehyde formed® 
Aldehyde dehydrogenase omitted 0.004 0 0 


— — — — —— 


The reaction mixture contained 1 CW. yl P (63,000 ¢.p.m. per zu), 0.22 
Tris-HC! (pH 8.2), 100 u GSH, 5 u; CoA (138 units per mg., 84 units; DPNH, 
0.23 um; transacetylase, 10 units; and, where indicated, aldehyde dehydrogenase (25 
units per mg.), 7 units; water to give a final volume of 30 ml. DPNH oxidation 
was determined spectrophotometrically (at 340 my) and the reaction stopped by the 
addition of an alcoholic solution of dimedon. 300 u of carrier acetaldehyde were 
added and the acetaldehyde-dimedon derivative which crystallized out was washed 
with 0.1 u sodium acetate (pH 4.4) and water. The derivative was recrystallized 
from alcohol to constant specific activity (4.8 ¢.p.m. per au). M. p., 139.5". 

* Caleulated from specific activity measurements of the dimedon derivative. 


Reduction of Acetyl SCoA to Acetaldehyde—The data presented in Table 
IV show that when acetyl SCoA is incubated with DPNH and aldehyde 
dehydrogenase there is a stoichiometric relationship between DPNH oxi- 
dation, acetyl] SCoA disappearance, and acetaldehyde formation. Sub- 
stitution of acetyl P, CoASH, and transacetylase for acetyl SCoA results 
in the complete oxidation of DPNH and an equivalent formation of acetal- 
dehyde. ‘These results are thus in agreement with Reactions 2 and 6. 

Oxidation of Acetaldehyde to Acetyl SCoA—Since acetyl SCoA exhibits 
a strong absorption band at 230 to 240 my due to the thiol ester bond, 
the acetylation of CoASH or the deacetylation of acetyl SCoA can be 
followed spectrophotometrically (12, 13). Thus the oxidation of acetal- 
dehyde to acetyl SCoA by DPN (Reaction 2) can be followed by measuring 
the simultaneous increases in optical density at 340 ma due to the for- 
mation of DPNH and at 240 ma due to acetyl SCoA formation. Unfor- 
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tunately, the reduction of DPN is associated with a decrease in optical 
density at 240 my which partially compensates for the increment due to 
acetyl SCoA. However, from the determined relationship between the 
changes in optical density associated with the reduction of DPN, ie. 
(decrease at 240 my/increase at 340 ma) = 0.4, it is possible to calculate 
the change at 240 my due to acetyl SCoA. Data presented in Table V are 
from spectrophotometric studies in which the amounts of DPNH and of 
acetyl] SCoA formed in the oxidation of acetaldehyde were calculated 


Taste IV 
Reduction of Acetyl SCoA to Acetaldehyde and CoASH 


Experiment | Acetyl SCoA, initial Amount utilised DPNH oxidized  CHsCHO formed 

* ou | ow 

1 0.074 0.049 0.063 | 0.069 

0.164 0.098 0.096 | 0.108 

2 0.180 0.093 0.083 0.073 

° 0 0.135 0.157 

3 0.087 0.011 0.014 0.012 


—ͤ—U—— 


Experiments 1 and e- Acetyl SCoA, as indicated, was incubated for 20 minutes 
(23°) with 10 units of aldehyde dehydrogenase (145 units per mg., 0.144 ux of DPNH, 
and 100 u of imidazole- HCI buffer ina total volume of 3.0 ml. (p11 7.50). The oxida- 
tion of DPNH was determined spectrophotometrically, the final acetyl SCoA con- 
centration was estimated spectrophotometrically by arsenolysis (12, 13), and a 05 
ml. aliquot was analyzed for acetaldehyde by a modified chemical method of Barker 
and Summerson (14). 

Experiments The details are identical to those in Experiment 1 except that the 
reaction was carried out at pH 6.9. 

* 0.054 um of reduced CoA, 0.21 zu of Li-acety! , and 10 units of transacetylase 
were added as the source of acetyl SCoA; 0.144 pu of DPNH was initially present. 


from the changes in optical density at 240 and 340 mg. The data show 
that, in accordance with Reaction 2, DPNH and acetyl! SCoA are formed 
in stoichiometric amounts. 

Isolation of Acetyl SCoA—A reaction mixture containing 100 ym of 
acetaldehyde, 15 au of hydrogen sulfide, 100 um of potassium Veronal 


* The relative changes in optical density at 240 and 340 my associated with the 
reduction of DPN were determined by spectrophotometric measurements of DPN 
before and after reduction with ethanol in the presence of purified aleohol dehydro- 
genase. The observed value of 0.4 for the ratio (the decrease at 240 my)/(the in- 
crease at 340 my) is about 1.4 times higher than that previously reported by Warburg 
et al. (15). A similar discrepancy exists between the values obtained by Warburg 
et al. (15) and by Kaplan (16) for the relative density changes at 250 and 340 ma. 
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buffer (pH 9.0), 0.35 au of CoA, 0.25 uw of DPN, 25 u of potassium py- 
ruvate, and the two purified enzymes, aldehyde dehydrogenase and lactic 


Taste V 
Spectrophotometric Measurement of Acetyl SCoA and DPNH Formation in 
Acetaldehyde Oxidation 
SD we. DPNH 
20. 

* (B) (Cc) (D) *. | (F) 

1 0.081 0.022 0.00 0.062 0.100 0.056 0.048 
2 0.081 0.014 0.012 0.056 0.105 0.061 0.051 
0.135 0.020 0.05 0.075 0.138 0.068 0.066 
3 0.189 0.035 — 0.061 0 0.160 0.090 0.077 
0.270 0.030 0.074 0.104 0.186 0.004 0.000 
4 0.540 0.089 —0.170 0.250 0.427 0.238 


Experiment 1—0.36 zu of acetaldehyde was incubated with CoASH, as indicated, 
and aldehyde dehydrogenase (70 units, 145 units per mg.) in a volume of 3.0 ml. con- 
taining 100 us of imidazole-HCl (pH 8.6). The optical density was determined be- 
fore and after the addition of 0.24m of DPN. Similar additions were made to a ref- 
erence cuvette containing no acetaldehyde. 

Experiment 2--CoASH, as indicated, was incubated with 0.20 um of DPN and 
aldehyde dehydrogenase (46 units, 145 units per mg.) in a 3.0 ml. volume containing 
100 wt of imidazole-HCl (pH 8.6). The optical density was determined before 
and after the addition of 0.73 u of acetaldehyde. The reference cuvette contained 
no enzyme. 

Experiment 3—CoASH, as indicated, was incubated with 0.25 u of DPN and 
aldehyde dehydrogenase (46 units, 145 units per mg.) in a 3.0 ml. volume containing 
100 wu of NaHCO,. The optical density of the solution was determined before 
and after the addition of 0.73 u of acetaldehyde. The reference cuvette contained 
no enzyme. 

Experiment 4 The details of Experiment 3 apply here, exeept that 1.0 a of DPN 
and 1.46 gw of acetaldehyde were used in a volume of 3.5 ml.; final pil 7.25. 

* This correction (calculated from the Ae ia based on the known ratio of 
the changes in optical density associated with the reduction of DPN ;* e. (decrease 
at 210 my)/(inerease at mya) = O04. 

The change in extinction at 240 my associated with the hydrolysis of acetyl 
SCoA is 3.3 X 10° aq. em. per mole (Stadtman, unpublished data). 


acid dehydrogenase, was incubated for 3 hours at 30°. The lactic acid 
dehydrogenase and pyruvate were included to displace Reaction 2 toward 
the right by the oxidation of DPNH. After incubation, the mixture 
was heated for 5 minutes at 100° and centrifuged. The entire supernatant 
solution was placed on a No. 3 Whatman filter paper and chromatographed 
in an ethanol-acetate solvent system (8). The acetyl SCoA (K, = 0.61) 
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was located on the chromatogram by colorimetric tests and by inspection 
under ultraviolet light as previously described (8). The compound was 
eluted from the paper and assayed by the sensitive spectrophotometric- 
enzymatic-arsenolysis procedure (12, 13). An over-all yield of 0.16 yx 
of acetyl SCoA (46 per cent of theory) was recovered from the chro- 
matogram. 

Substrate Specificity—Results from experiments showing the ability of 
the purified aldehyde dehydrogenase to oxidize various aldehydes are 
summarized in Table VI. Since the substrate concentrations required 


Tant VI 
Substrate trate Specificity of — Dehydrogenase 


— — — — — — — 


10% mole peri. 

Formaldehyde.............. 0 0 
Acetaldehyde.............. 100 100 1.5 X 10% 
Glycolaldehyde............. 3 ' 36 2.0 X 10° 
Chloral . . 0 | 0 

Propionaldehyde .. 12 | 32 4.5 X 10˙˙ 
pu-Glyceraldehyde ........ Slow Slow 
Butyraldehyde............. 4 36 11.0 10% 
0 0 


— — —— 


The yeaction mixtere — CoA (140 units per me. 2). 42 units; GSH, 2 uM; 
aldehyde dehydrogenase (9.7 units per mg.), 3.2 units; and potassium Veronal buf- 
fer, 100 um; in a 3.0 ml. volume (pH 8.7). The indicated aldehydes were added 
at three concentrations and omitted in the reference cuvette. The reaction was 
initiated by the addition of 0.25 MN of DPN and the initial velocity was computed 
from the increase in optical density at 30 and 60 seconds. The maximal velocities 
and Michaelis constants were determined from Lineweaver-Burk plots of the data. 


for maximal rates of oxidation were not the same for all compounds tested, 
the relative rates of oxidation (acetaldehyde = 100) are given for the com- 
pounds when tested at a given concentration (0.0013 u) and also when 
tested at their optimal concentrations. The data show that, under the 
latter conditions, glycolaldehyde, propionaldehyde, and butyraldehyde were 
oxidized at about one-third the rate of acetaldehyde. bi- Glyceraldehyde 
was oxidized at a rate too slow for accurate measurement. Formaldehyde, 
chloral, and benzaldehyde were not oxidized. 

In the absence of CoASH, none of the aldehydes were oxidized, indicat- 
ing that the acyl SCoA derivatives are the end-products of the reactions. 
Indirect evidence for the formation of butyryl coenzyme & in the oxidation 
of butyraldehyde was obtained by the isolation of the butyrohydroxamic 
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acid derivative from an incubation mixture containing, initially, butyral- 
dehyde, CoA, GSH, pyruvate, and aldehyde and lactic acid dehydrogenases. 
After incubation, the reaction mixture was extracted with ether to remove 
the unreacted aldehyde; hydroxylamine reagent (17) was added and the 
hydroxamic acid was isolated and identified by paper chromatography (18). 
In order to conserve CoA, this substance was added in only a small amount 


Taste VII 
Formation of Acetyl SCoA and Butyryl Coenzyme A 

Hydrosami acid 

Substrate 
Formed Rr* 

Aectaldehyde + Coll.... . 3.4 0.48 
Butyraldehyde + C k kk 1.1 0.74 
* (CoA omitted)............. | 0 


— 


100 Mu of acetaldehyde or 100 zu of but yraldehyde (as indicated), 100 u of po 
tassium Veronal buffer (pH 9.0), 25 u of GSH, 0.36 u of CoA, 0.25 u of DPN, 
25 wu of potassium pyruvate, 200 units of lactic acid dehydrogenase, and 1 unit of 
aldehyde dehydrogenase in a total volume of 1.5 ml. were incubated for 4 hours 
(30°). The reaction mixtures were extracted twice with 2 ml. of anhydrous ether. 
The hydroxamic acid derivatives of the acy! mercaptans in the aqueous phase were 
prepared and isolated by paper chromatography (18). 

*Ry values for acetohydroxamic acid (0.52) and butyrohydroxamiec acid (0.76) 
were previously reported (18). 


and a large excess of GSH was added to serve as a secondary acyl acceptor 
(8) according to Reactions 7 and 8. 


RCHO + CoASH + DPN* = RCOSCoA + DPNH + H* (7) 
RCOSCoA + GSH = RCOSG + CoASI (8) 


Transesterification (Reaction 8) is typical of thiol esters and occurs non- 
enzymatically (8, 13). The pyruvate and lactic acid dehydrogenase were 
added to the mixture to regenerate DPN from the DPNH formed in Re- 
action 7. For comparison a similar experiment was carried out with 
acetaldehyde as the substrate. 

The data presented in Table VII show that 3.4 and 1.1 yt of acetohy- 
droxamic and butyrohydroxamic acids were isolated from the respective 
acetaldehyde and butyraldehyde reaction mixtures to which CoA had 
been added. No hydroxamic acid was formed in the absence of CoA. 
Since only 0.36 u of CoA was present, the hydroxamic acids found in ex- 
cess of this amount were undoubtedly derived from acyl GSH compounds 


— — — — 
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formed by Reactions 7 and 8 (8). These experiments therefore serve to 
illustrate the usefulness of GSH as a trap for the acyl group of acyl co- 
enzyme A compounds. 
Taste VIII 
Equilibrium Constant Jor Formation of Acetyl SCoA from Acetaldehyde 


Initial concentration of reactants, moles per |. 


Final com (acetyl SCoA) 
ment No) $2 *. = maler per (CHACHO)(COASH) 

| | 8 8 & 

| 1.3 6.2 11.4 o 0 2 3.4 0.7 
1.5 

1.2 60 | 67/48) 0 | 1.6 1.9 1.3 

1.2. 5.7 48 1.7 16 3.0 1.3 

| a3] 6.7 | 48 1.7 | 8. 1.8 11 

13.2 6.0 5.7 48 1.7 60 4.1 0.9 

3 ie 1238 232 1.2 
4 1.2] 60 3.7 0 9 0 1.7 
6.1 | 6.0 | 5.7 0 4.1 1.6 
12.2 6.0 3.7 0 89 ies) 42 1.5 
21.4] 60 5.7 0 0 16 4.7 1.1 
1 | 6.0 5.7 0 0 1.68 6.1 0.6 


The details of Experiments 2A and 2B are reported in Fig. 2. Details of Experi- 
ments 3 and 4 are the same except that the acetaldehyde concentration was varied 
as indicated. The extent of DPN reduction at equilibrium was determined by the 
change in optical density (340 my) of the reaction mixture. The quantity of acetyl 
SCoA formed was assumed to be equal to the DPNH formed (cf. Tables IV and V). 
The concentration of acetaldehyde, CoASH, and DPN remaining at equilibrium was 
calculated by difference between initial concentrations of reactants and the final 
DPNH concentration. The hydrogen ion concentration was calculated from pH 
measurements of the reaction mixture at equilibrium. 

Average value; K = 1.2 XK 10 


Equilibrium Constant—With the establishment of free reversibility of 
Reaction 2, it became possible to determine the equilibrium constant for 
the reaction. Equilibrium data from several experiments in which the 
concentrations of the various reactants were varied are presented in Table 
VIII. The calculated equilibrium constants are given in the last column 
of the table. The average value is 1.2 X 10. 


Materials and Methods 


Aldehydes were determined by iodometric titration (19). Acetaldehyde 
was also determined by a modification of the Barker and Summerson 
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method for lactic acid (14) and enzymatically, by means of alcohol de- 
hydrogenase (20). PABA was determined by the method of Bratton and 
Marshall (21), citrate by the method of Natelson ef al. (22), and acetyl 
phosphate by the method of Lipmann and Tuttle (17). Acyl hydroxamic 
acids were isolated by paper chromatography (18). Acetyl SCoA was 
isolated by paper chromatography (8) and estimated spectrophotometri- 
cally by arsenolysis (12, 13). Protein was estimated turbidimetrically 
after precipitation with sulfosalicylic acid (23). 

Reduced CoA was prepared by incubating 25 mg. of CoA (Pabst, 264 
units per mg.) with 625 um of GSH (pH 6.8) in 4.0 ml. of water containing 
50 we of imidazole- IIC I buffer (pH 6.8) for 1 hour (23°). 08 ml. of 0.5 u 
potassium versenate (pH 6.8) was added after incubation to protect the 
reduced CoA from metal-catalyzed oxidations. Assayed spectrophotomet- 
rically (12, 13), the CoASH present was 66 per cent of the theoretically 
added CoA. 

Acetaldehyde was distilled under a vacuum into water and standardized 
iodometrically and enzymatically. The other aldehydes were commer- 
cial preparations standardized iodometrically. pt-Glyceraldehyde was ob- 
tained from Dr. B. Horecker and prepared by Dr. II. O. L. Fischer. 1-C™- 
labeled acetyl P was prepared by the enzymatic equilibration of acetyl P 
with carboxyl-labeled acetate (24). The CoA was obtained from Dr. F. 
Lipmann (150 units per mg.), prepared from yeast by ion exchange 
chromatography, or obtained commercially from the Pabst Laboratories 
(264 units per mg.). DPN (73 per cent pure) and TPN (85 per cent 
pure) were obtained from Dr. S. Udenfriend. Acetyl SCoA was prepared 
from acetyl P, CoA, and transacetylase and isolated chromatographically 
as previously described (8). Transacetylase was prepared from C. kluyveri 
(25). Alcohol dehydrogenase was crystallized from yeast as described by 
Racker (26). Lactic acid dehydrogenase was a gift from Dr. B. Horecker. 

Purification of Aldehyde Dehydrogenase—The aldehyde dehydrogenase 
was partially purified by means of ammonium sulfate fractionation and 
by calcium phosphate gel adsorption procedures. The specific enzyme 
activity of the various protein fractions was determined by measuring the 
dismutation of acetaldehyde to acetyl P and ethanol (Reactions 2 to 5) 
in the presence of excess transacetylase and alcohol dehydrogenase. 

Enzyme Init l unit of aldehyde dehydrogenase is defined as the amount 
needed to cause the acetylation of 1 um of orthophosphate in 30 minutes 
at 30° in a system containing 100 um of acetaldehyde, 100 us of orthophos- 
phate (pH 8.1), 200 us of Tris- HCI buffer (pH 8.1), 5 au of GSH, 1.0 um 
of DPN, 15 units of CoA, 1300 units of yeast aleohol dehydrogenase (26), 
and 10 units of transacetylase (25) in a total volume of 1.0 ml. Under 
these conditions the formation of acetyl P is proportional to the aldehyde 
dehydrogenase concentration from 0 to 1.5 unit. 
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Purification Procedure—C. kluyveri was grown as previously described 
(18) except that sodium hydrosulfite (35 mg. per liter) in place of hydrogen 
sulfide was added just prior to inoculation in order to obtain anaerobiosis.‘ 
Cell-free extracts of the organism were prepared by extraction of vacuum- 
dried cells (100 mg. per ml.) with 0.01 M potassium phosphate buffer (pH 
8.1) at 23°. As previously observed (27) the time required for extraction of 
the enzyme varied with different lots of dried cells. The cell-free extracts 
were diluted with cold distilled water until the solution contained 11 mg. 
of protein per ml. This step and all subsequent operations were performed 
in a cold room at 2° with reagents chilled to this temperature. The solu- 


IX 
Purification of Aldehyde Dehydrogenase in C. kluyveri 
Fraction — Protein Recover 
ml. ‘mg. per ml. total mg. ne por me. total units | per cent 
Diluted extract............ 1680 11.0 17, 700 0.71 12,600 100 
A (ppt.,0-35% saturated)*. 72 19.6 | 1,400 | 3.65 6,10 41 
B (supernatant, 35% satu- | | 
2380 6.5 15,500 0.20 3,100 | 23 
1 (supernatant, Ist gel step). | 79 143 1,100 3.30 3,600 29 
2 n and. “ ). 106 1.3 140 0.50 70 
3 (dialyzed eluate, 2nd gel | | | | 
— 49 5.8 232 15.2 4,300 34 
3A (ppt.,0-17% saturated)* 1.4 3.6 5.1 261.0 1,30 11 
The details are given in the text. 


* Saturated in respect to ammonium sulfate. 


tion was adjusted to pH 7.0 with 0.5 M KO., and the slight precipitate 
which formed was removed by centrifuging in a Servall SS-1 centrifuge at 
maximal speed. The clear supernatant solution was adjusted to 35 per 
cent ammonium sulfate saturation by the addition of saturated ammonium 
sulfate solution (pH 7.0 with ammonium hydroxide). After stirring for 10 
minutes, the suspension was centrifuged. The precipitate was dissolved 
in 0.002 m potassium phosphate buffer (pH 8.0) to give a final protein con- 
centration of 20 mg. per ml. Calcium phosphate gel (25 mg. per ml., 
pH 6.7) (28) was added to give a gel-protein ratio of 0.25 (dry weight basis). 
The suspension was stirred for 10 minutes and then centrifuged and the 
precipitate discarded. The supernatant solution was adjusted to a gel- 
protein ratio of 1.0 and after 10 minutes equilibration the gel was recovered 


This modification was recommended by Dr. H. A. Barker in a private communi- 
cation. 
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by centrifuging at 2500 r. p.m. The protein was eluted from the gel with 
three 12 ml. portions of 0.1 M potassium phosphate (pH 8.0) followed by 3 
ml. of cold distilled water. The combined eluates were dialyzed over- 
night against 2 liters of solution containing 0.002 m Tris, 0.001 M cysteine, 
and 0.12 M potassium chloride (pH 7.3). The dialyzed solution, diluted to 
contain 5 mg. of protein per ml., was adjusted to 17 per cent ammonium 
sulfate saturation by the addition of saturated ammonium sulfate solution 
(pH 7.0). After stirring for 30 minutes the precipitate was recovered by 
centrifuging in a Servall centrifuge at top speed and finally dissolved in 
0.002 m imidazole- HCl buffer at pH 8.0. 

Table IX presents data showing the stepwise purification and recovery 
of the aldehyde dehydrogenase. The over-all purification is about 350- 
fold with a recovery of about 10 per cent. 

Sedimentation studies in the Spinco analytical ultracentrifuge reveal 
the presence of two major protein fractions in about equal proportions. 
The purified preparation is free of alcohol dehydrogenase, phosphotrans- 
acetylase, and reduced pyridine nucleotide oxidase activities and is com- 
pletely DPN-specific. 


The oxidation of acetaldehyde to acetyl SCoA represents a new type of 
aldehyde oxidation in which the energy derived from the oxidation is 
partly conserved in the form of a thiol ester bond. This type of aldehyde 
oxidation is therefore closely analogous to the oxidations of pyruvate (6) 
and of a-ketoglutarate (29, 30) to acetyl SCoA and succinyl coenzyme A, 
respectively. Although the precise mechanism of oxidation is not yet 
established, it is a reasonable possibility that a semimercaptal derived 
from CoASH and acetaldehyde is the true substrate for oxidation (Reac- 
tion 9). 

CH,CHO + CoASH — 
SCoA 


4 DN; 00 
+ DPNH + Ht 


H | 

Similar suggestions have been made to explain the corresponding oxida- 
tions of pyruvate and a-ketoglutarate (6, 11). This formulation is not 
unlike that postulated earlier (Reaction 1), but it has the virtue that semi- 
mercaptals of this type are well known (31, 32) and are of reasonable sta- 
bility. 

Independent investigations by Pinchot and Racker (33) have indicated 
that an aldehyde dehydrogenase in Escherichia coli catalyzes a reaction 
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similar, if not identical, to Reaction 2. Similar acetaldehyde oxidation in 
higher organisms or plants has not yet been observed. Significant, how- 
ever, are the tracer studies of Brady and Gurin (34) showing that, in rat 
liver slices, acetaldehyde is a better precursor of fatty acids than is acetate. 
This observation seems inconsistent with the view, supported by studies on 
isolated enzymes (35-38), that acetaldehyde is oxidized directly to acetate. 
Since the possible réle of acetyl SCoA in the biosynthesis of cholesterol and 
fatty acids has already been indicated (39), the more rapid utilization 
of acetaldehyde for the biosynthesis of these substances could be ex- 
plained if an energy-rich acetate derivative, viz. acetyl SCoA, is also the 
primary oxidation product in animal tissues. 

As previously stated, acetaldehyde oxidation by crude extracts of C. 
kluyveri is activated by the addition of either DPN or TPN. The purified 
aldehyde dehydrogenase studied here is absolutely DPN-specific. A satis- 
factory explanation for the activity of TPN in the crude system has not 
been obtained. The transformation of TPN to DPN (40, 41) in the crude 
preparations appears to be ruled out, since in some experiments, in which 
both pyridine nucleotides were active for aldehyde oxidation, the oxidation 
of ethanol was DPN-specific. The existence of two aldehyde dehydro- 
genases in C. kluyveri extracts with different pyridine nucleotide specificities 
is suggested, but proof of this interpretation must await further inves- 

igation. 

: — the equilibrium constant of 1.2 X 10~ calculated for the DPN- 
linked oxidation of acetaldehyde to acetyl SCoA (Reaction 2), it can be 
computed® that the free energy change (AF) is —4220 calories (pH 7.0, 
25°). By use of Borsook’s value for the oxidation-reduction potential of 
DPN : DPNH (42) it can be calculated that the AF (pH 7.0, 25°) involved in 
reducing DPN by molecular hydrogen is —6380 calories. Kaplan (43) 
has utilized data from Parks and Huffman (44) to compute the AF (pH 
7.0, 25°) involved in the oxidation of acetaldehyde to acetate and II: to 
be — 10,880 calories. The AF (pH 7.0, 25°) for the DPN-linked oxidation 
of acetaldehyde to acetate (Reaction 10) is therefore — 17,260 calories. 


CH,CHO + DPN* + H,O = CH,COO” + DPNH + 2H* (10) 

The difference in the free energy changes of Reactions 2 and 10 represents 
the AF for the hydrolysis of acetyl SCoA (Reaction 11). 

Acetyl SCoA + H,O = CoASH + CH,COO- + Ht (11) 


The AF = —13,040 calories (pH 7.0, 25°) for the hydrolysis of acetyl 
SCoA is thus in good agreement with that calculated from equilibrium data 
At pH 7.0 the equilibrium constant for Reaction 2 is 1.2 * 10°. Using the equa- 


tion AF = —RT ln K, we obtain, for Reaction 2 at 25°, F = —4.58 XK 298 x 3.079 
= —4220 calories. 
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obtained for the acetyl P-CoASH reactions catalyzed by transacetylase 
(8) and from studies on citrate synthesis from oxalacetate and acetyl 
SCoA (7). 

Mention should be made of the new values for the free energy of forma- 
tion calculated by Burton and Wilson (45) for acetaldehyde, water, and 
acetate, giving a AF = —8140 calories for the oxidation of acetaldehyde by 
water to acetate. A new potential for DPN:DPNH (E = 0.320, 25°) 
has been computed (46), giving a AF = 4330 calories (pH 7.0, 25°). 
Combining these values gives a AF = —12,470 calories (pH 7.0, 25°) for 
Reaction 10 and a AF = —8250 calories (pH 7.0, 25°) for the hydrolysis 
of acetyl] SCoA. This value for acetyl SCoA is in agreement with those 
of about —8000 calories calculated for other thio esters from the equilib- 
rium data of Faber and Reid (47). 

Since a discrepancy exists between the values obtained for the free energy 
of hydrolysis of acetyl SCoA when calculated from the above sets of data, 
it is not possible at the present time to assign a specific value to acetyl 
SCoA. 


SUMMARY 


A purified aldehyde dehydrogenase preparation from Clostridium kluy- 
vert catalyzes the DPN-linked oxidation of acetaldehyde in the presence 


of coenzyme A to acetyl coenzyme A. 
The oxidation of acetaldehyde is freely reversible. The DPN-linked 


conversion of acetaldehyde to acetyl coenzyme A is exergonic, resulting 
in a free energy change at pH 7.0 of about —4200 calories. 

The aldehyde dehydrogenase also catalyzes the oxidation of propional- 
dehyde, butyraldehyde, and glycolaldehyde to the corresponding acyl co- 
enzyme A derivatives. 
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Branching, glycogen chains, action, 

Larner, 491 
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Enzyme(s)—continued: 
Glutathione cleavage, determination, 
Fodor, Miller, and Waelsch, 551 
Hydrogen transfer, Fisher, Conn, Ven- 
nesland, and Westheimer, 687 
Loewus, Ofner, Fisher, Westheimer, 
and Vennesland, 600 
Leuconostoc citrovorum factor forma- 
tion, Streptococcus faecalis, Broquist, 
Kohler, Hutchison, and Burchenal, 
59 
Liver, vitamin Bis effect, Williams, 
Monson, Sreenivasan, Dietrich, Har- 
per, and Elvehjem, 151 
„ — — relation, Williams, Monson, 
Harper, and Elvehjem, 607 
Mitochondria, fatty acid oxidation, 
Drysdale and Lardy, 119 
See also Adenosinetriphosphatase, 
Alcohol dehydrogenase, etc. 
Epinephrine: Isotopic carbon-contain- 
ing, metabolism, Schayer and Smiley, 
425 
Radioactive, metabolism, N-(2-chloro- 
ethyl )dibenzylamine effect, Schayer, 
Kennedy, and Smiley, 39 
Ergothioneine: Blood, chicken, germ- 
free, Melville and Horner, 187 
~~, diet effect, Baldridge and Lewis, 
169 
Escherichia coli: Prolineless mutant, 
proline peptide utilization, Stone and 
Hoberman, A 
peptides, hydrolysis, Stone, 


821 

Estradiol: 17-Methyl-C''-. See Methyl- 
C'+-est radiol 

Estrogen(s): Blood plasma, determina- 


tion, chemical, Veldhuis, 107 
Ethionine: Liver protein, effect, Levine 
and Fopeano, 597 

F 


Fatty acid(s): Oxidation, mitochondrial 
enzyme, effect, Drysdale and Lardy, 
119 

Unsaturated, blood serum, determina, 
tion, semimicro-, Wiese and Hansen- 
417 

Feces: Bilirubin isolation, Lowry, Hos 
senmaier, and Watson, 305 


Flavin: Ribo.. See Riboflavin 

Folic acid: Deposition, mitochondrial 
choline oxidase, relation, Williams, 
Sreenivasan, Sung, and Elvehjem, 


233 
Glutathione amino acids, biosynthesis, 
role, Anderson and Stekol, 611 


Folinic acid: Deposition, mitochondrial 
choline oxidase, relation, Williams, 
Sreenivasan, Sung, and Elvehjem, 

233 

Formate: Inosinie acid and, reaction, 
Leuconostoc citrovorum factor, effect, 
Buchanan and Schulman, 241 


G 


Galactose: Glucose derivatives from, 
Lactobacillus bulgaricus, Rutter and 
Hansen, 323 

Glucose: Carbon IA labeled, glucuronic 
acid from, in vivo, Douglas and King, 

S65 

Derivatives, galactose conversion to, 
Lactobacillus bulgaricus, Rutter and 
Hansen, 323 

Glucuronic acid: Glucose, carbon 14- 
labeled, conversion to, in vivo, Doug- 


las and King, 865 
Glucuronidase : 8., Bernfeldand Fishman, 
757 

Bernfeld, Nisselbaum, and Fishman, 
763 

„liver, purification, Bernfeld, Nis- 
selbaum, and Fishman, 763 

„ spleen, purification, Bernfeld and 
Fishman, 757 


Glutamic acid dehydrogenase: l. crys- 
talline, kineties, Olson and Anfinsen, 


811 
Glutamic decarboxylase: Bacteria, Rob- 
erts, 359 


Glutathione: Amino acids, biosynthesis, 
vitamin By and folie acid réle, An- 
derson and Stekol, 611 

Cleavage, enzymatic, determination, 
Fodor, Miller, and Waelsch, 551 

Glyceride: Tri-. See Triglyceride 

Glycerol: Carbon 14-labeled, liver, me- 
tabolism in vitro, Teng, Karnovsky, 
Landau, Hastings, and Nesbett, 

705 
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Glycine: Labeled, chlorophyll biosyn- 
thesis, use in study, Della Rosa, 
Altman, and Salomon, 771 

Glycogen: Chains, branching enzymes, 
action, Larner, 491 


Hematoporphyrin: IX, protoporphyrin 
precursor, heme and chlorophyll bio- 
synthesis, Granick, Bogorad, and 
Jaffe, 801 

Heme: Biosynthesis, hematoporphyrin 
IX as protoporphyrin precursor, 
Granick, Bogorad, and Jaffe, 801 

Hexose phosphate: Metabolism, plants, 
Azelrod, Bandurski, Greiner, and 
Jang, 619 

Histidine: p-, availability, Celander and 
Berg, 339 

—, metabolism, Celander and Berg, 
351 


—, related imidazoles, availability, 


Celander and Berg, 
Peptides, Lactobacillus delbrueckii uti- 
lization, Peters, Prescott, and Snell, 

521 

Hydrogen: Transfer, alcohol dehydro- 


339 


genase role, Fisher, Conn, Vennes-— 


land, and Westheimer, 687 


—, enzymatic, Fisher, Conn, Vennes-— 
Lactose: Metabolism, Rutter and Han- 


land, and Weatheimer, 687 
Loewus, Ofner, Fisher, Westheimer, 
and Vennesland, 609 
—, lactic dehydrogenase réle, Loewus, 
Ofner, Fisher, Westheimer, and Ven- 


nesland, 
I 
Imidazolelactic acid: Metabolism, Celan- 
der and Berg, 351 


Imino acid(s): Naphthoquinone-4-sulfo- 
nate, reaction, Troll, 

Inosinic acid: Formate and, reaction, 
Leuconostoc citrovorum factor, effect, 
Buchanan and Schulman, 241 

Intestine: Desoxyribonucleic acid syn- 
thesis rate and mitotic rate, Stevens, 
Daoust, and Leblond, 177 

Isomerase: Phosphohexose. See Phos- 
phohexose isomerase 


— 


479 


| 


INDEX 


Ketosteroid(s): paper chromatog. 

raphy, Savard, 457 
Cu-, paper chromatography, Sarard, 

457 

Kidney: Aminopeptidase, purification 

and properties, Robinson, Birnbaum, 

and Greenstein, 1 


L 


Lactic acid: Imidazole-. See Imidazole- 
lactic acid 

Lactic dehydrogenase: Hydrogen trans- 
fer, role, Loewus, Ofner, Fisher, Weat- 
heimer, and Vennesland, on 

Lactobacillus bulgaricus: Carbohydrate 
metabolism, Rutter and Hansen, 


311 
Galactose conversion to glucose deriv- 
atives, Rutter and Hansen, 323 


Lactobacillus casei: Diaminopurine-re- 
sistant, purine antagonist, effect, 
Elion, Singer, Hitchings, Balis, and 
Brown, 647 

Lactobacillus delbrueckii: Histidine 
peptides, utilization, Peters, Pres- 


cott, and Snell, 521 
Serine peptides, utilization, Prescott, 
Peters, and Snell, 533 


sen, 311, 33 

Leuconostoc citrovorum: Factor, enzy. 

matic formation, Streptococcus fae- 

calis, Broquist, Kohler, Hutchison, 

and Burchenal, 

—, formate and inosinic acid reactions, 
effect, Buchanan and Schulman, 


241 

Liver: Aminoazo dyes, demethylation, 

oxidative, Mueller and Miller, 579 

Cell, vitamin A ester and vitamin A 
alcohol, Krinsky and Ganguly, 

2a 


Cholesterol, squalene as precursor, 
Tomkins, Dauben, Sheppard, and 
Chaikoff, 

Desoxyribonucleic acid synthesis rate 
and mitotic rate, Stevens, Daowal, 
and Leblond, 177 
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Liver—continued: 
Enzymes, vitamin Bis effect, Williams, 
Monson, Sreenivasan, Dietrich, Har- 


per, and Elvehjem, 151 
—, — — relation, Williams, Monson, 
Harper, and Elvehjem, 607 


Glycerol, carbon 14-labeled, metabo- 
lism in vitro, Teng, Karnovsky, Lan- 
dau, Hastings, and Nesbett, 705 

Nucleic acid, precursor study, Ander- 
son and Aqvist, 513 

Protein, ethionine effect, Levine and 
Fopeano, 597 

Pyruvate, carbon 14-labeled, metabo 
lism in vitro, Teng, Karnovsky, Lan- 
dau, Hastings, and Neabett, 705 


Regeneration, nucleic acid, Lombardo, — 
Cerecedo, and Reddy, 97 
Xanthine oxidase, vitamin E effect, 


Dinning, 213 

M 
Methyl-C'*-estradiol: 17-, synthesis and 
metabolism, Bocklage, Nicholas, 


Doisy, Elliott, Thayer, and Doisy, 


27 
Milk : Orot ie acid, Hallanger, Laakso, a 
83 


Schultze, 
Mitochondrion: Choline oxidase, folic 


and folinie acid deposition, relation, | 


and Knight, 31 

—, , pentose, purine-bound, iden- 
tity, MacDonald and Knight, 45 
Muscle : Adenosinetriphosphatase, Green 
and Mommaerts, 541 

determination. electrotitrimetric, 
Gren and Mommaerts, 


cochemistry, Putnam and Udin, 
Proteins, Putnam and Udin, 


‘Nucleic acid (s): Carbon 14-labeled nu- 


— 


903 

N 
Naphthoquinone-4-sulfonate : Imino 
acids, reaction, Troll, 479 


Neurospora: u-Serine dehydrase, Yan- 
ofsky and Reissig, 567 
Triphosphopyridine nucleotide-nitrate 
reductase, Nason and Evans, 655 


cleosides, conversion to, Rose and 


Aquist, 513 
— regeneration, Lombardo, Cerecedo, 
and Reddy, 97 


Ribo-. See Ribonucleic acid 
Nucleoside(s): Carbon 14-labeled, nu- 
cleic acids from, Rose and Schweigert, 
635 


0 


Orotie acid: Carbon 14-labeled, pyrimi- 


dine nucleotides, use in study, Weed 
and Wilson, 745 
Milk, Hallanger, Laakso, and Schultze, 


83 
Vitamin B., relation, Manna and 


Cytochrome. See Cytochrome oni 
dase 
Xanthine. See Xanthine oxidase 


P 
Pentose: lurine-bound, tobacco mosaic 
| virus, identity, MacDonald and 
Knight, 45 


Pentose phosphate: Metabolism, plants, 
Azelrod, Bandurski, Greiner, and 
Jang, 619 

Amino-. See Aminopepti- 


541 | — Hacterial growth, relation, 
Myeloma: Blood serum proteins, physi- | 


Peters, Prescott, and Snell, 
Prescott, Petera, and Snell, 


SUBJE 
| 
on s-Glucuronidase, purification, Bern- 
m, | feld, Nisselbaum, and Fishman, 
19 763 
2 
Schweigert, 635 
Desoxyribo-. See Desoxyribonucleic 
acid 
Hauge, 91 
Oxidase: Choline. See Choline oxidase 
Elvehjem, 233 
Enzyme, fatty acid oxidation, Drys- 
dale and Lardy, 119 
Mold: See also Neurospora 
Mosaic: Tobacco, virus, mutants, Black 
| 727 End-groups, dimethylamino acids, 
727 | identification, /ngram, 193 


04 


Peptide(s)—continued: 
Histidine, Lactobacillus delbrueckii uti- 
lization, Peters, Prescott, and Snell, 
521 
Proline, Escherichia coli prolineless 
mutant, utilization, Stone and Ho- 


herman, 203 
—-, hydrolysis, Escherichia coli proline- 
less mutant, Stone, 821 


Serine, Lactobacillus delbrueckii utili- 
zation, Prescott, Peters, and Snell, 
533 
Phenol: Dinitro-. See Dinitrophenol 
Phosphatase: Adenosinetri-. See Ad- 


enosinetriphosphat ase 

Phosphate: Adenosinetri-. See Adeno- 
sinetriphosphate 

Phosphohexose isomerase : Blood serum, 
Bodansky, 

Phosphokinase: Choline. See Choline 
phosphokinase 


Phosphorus: Inorganic, determination, 
colorimetric, micro-, Taussky and 
Shorr, 675 

Mass 32, pyrimidine nucleotides, use 
in study, Weed and Wilson, 715 

Plant (s): Hexose and pentose phosphate 
metabolism, 
Greiner, and Jang, 619 

Porphyrin: Hemato. wer Hematopor- 
phyrin 

Proto- See Protoporphyrin 
Separation, counter-current distribu- 
tion, Granick and Bogorad, 781 

Proline: Peptides, Escherichia coli pro- 

lincless mutant, utilization, Stone 


and Hoberman, 
—, hydrolysis, Kacherichia coli pro- 


Serine: 


lineless mutant, Stone, 2 


Propanediol-1-phosphate : 2. metabo- 


lism, Miller, Huggins, and Arai, 


263 

Protein(s): Blood serum, myeloma, 

physicochemist ry, /’utnam and Udin, 

727 

Liver, ethionine effect, Leine and Ho 

peano, 
Myeloma, Putnam and Udin, 

727 


Tissue culture, synthesis pathway, 
Francis and Winnick, 273 


Arelrod, RBanduraki, 


INDEX 


Protein ned: 
Vitamin By binding, electrical trans- 
port, Roland, Millman, and Giffee, 


857 

Protoporphyrin : Hematoporphyrin IX as 
precursor, heme and chlorophyll bio- 
synthesis, Granick, Bogorad, and 
Jaffe, sol 
Precursors, Chlorella mutant, Bogorad 
and Granick, 793 


Purine (s): Antagonists, diaminopurine-. 
resistant Lactobacillus casei, effect, 
Elion, Singer, Hitchings, Balis, and 
Brown, O47 

Biosynthesis, Buchanan and Schulman, 

241 

Williams and Buchanan, 253 

-Bound pentose, tobacco mosaic virus, 

MacDonald and Knight, 45 
Diamino-. See Diaminopurine 

Pyrimidine nucleotide (s): Orot ie acid-2- 
C and phosphorus 32 in study, 
Weed and Wilson, 745 

Pyruvate: Carbon 14-labeled, liver, me- 
tabolism in vitro, Teng, Karnovsky, 
Landau, Hastings, and Neabett, 

7065 
R 

Reductase: See Triphosphopyridine nu- 
cleotide-nitrate reductase 

Riboflavin: -Sparing action, atabrine, 
Guggenheim and Shamir-Zernik, 

Bl 


Ribonucleic acid: Adenine incorporation 
into, in ritro, Goldwasser, 751 


Peptides, Lactobacillus de. 
brueckii utilization, Prescott, I’eters, 
and Snell, 

Serine dehydrase: t.., Neurospora, Yan- 
ofeky and Reissig, 87 

Serine phosphoric acid: Diisopropy!- 
phosphory! chymotrypsin conver: 
sion to, Schaffer, May, and Summer- 
son, 67 

Sodium azide: Alcoholic fermentation, 
effect, Fales, 157 

Spleen: 4-Glucuronidase, purification, 
Bernfeld and Fishman, 757 


| 
8 
8 
10 
T 
Trig 
Try 
Ure 
b 
— 
— 
| 
— 


Squalene: Liver cholesterol, precursor, 
Tomkins, Dauben, Sheppard, and 


Chaikoff, 

Steroid(s): Keto-. See Ketosteroid 

Streptococcus faecalis: Leuconostoc cit- 
rovorum factor formation, enzy- 
matic, Broquist, Kohler, 
and Burchenal, 

Sulfhydryl: Compounds, blood, vitamin 
By: effect, Ling and Chow, 


T 


Tiglic acid: Formation, Ascaris lumbri- 
coides, bacteria-free, Bueding, 
505 
Tobacco: Mosaic virus, mutants, Black 
and Knight, a 
pentose, purine-bound, 
MacDonald and Knight, 
Triglyceride(s): Dihydroxyacetone — 
ters as precursors, intestinal absorp - 
tion, Reiser and Williams, 815 


Evans, 
Tryptophan: b., availability, Celander 
and Berg, 


Valeric acid: n-, formation, Ascaris lum. 
bricoides, bacteria-free, Bueding, 


„ pentose, purine-bound, identity, 
Mac Donald and Knight, 45 
Vitamin(s): A alcohol, liver cells, Krin- 
sky and Ganguly, 227 

— ester, liver cella, Krinsky and Gan- 
guly, 
B., Beare, Beaton,and McHenry, 380 
—, body composition, effect, Beare, 
Beaton, and Mell enry, 589 
B,; binding, proteins, electrical trans- 
port, Roland, Millman, and Giffee, 


S57 
—, blood sulfhydryl compounds, effect, 
Ling and Chow, “45 
„ glutathione amino acids, biosyn- 
thesis, role, Anderson and Stekol, 
611 
, liver enzymes, effect, Williams, 
Monson, Sreenivasan, Dietrich, Har- 
per, and Elvehjem, 151 
—, — —, relation. Williams, Monson, 
Harper, and Elvehjem, 607 
~~ orotic acid relation, Manna and 
* liver xanthine oxidase, effect, Din- 


ning, 213 

x 
Xanthine oxidase: Liver, vitamin E ef- 
feet, Dinning, 213 

Y 


Yeast: 4-Amino-5-imidazolecarboxamide 
metabolism, Williams and Buchanan, 
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and Knight, 51 
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